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Abstract
Slow positron beam based positron annihilation spectroscopy (PAS) has been 
used to study open-volume defects in ion-implanted silicon (Si) and gallium 
nitride (GaN) films. Firstly, the Doppler-broadening measurement parame­
ters of PAS for the study of vacancies in Si are optimized by using the­
oretical Doppler broadened spectra. Optimum regions of interest are de­
termined according to crystalline orientation and detector energy resolution.
The interaction between vacancies and impurities such as oxygen (O) and fluo­
rine (F) and the behaviour of the corresponding vacancy ( F)-impurity complexes 
have been investigated in ion-implanted Si. It is found that the evolution of diva­
cancies (V2) to F -0  complexes competes with F-interstitial (I) recombination at 
low temperature. VmOn (m > n) are formed in the shallow region most effectively 
at 700 °C. VxOy (x < y) are produced near projected range (Rp) by annealing. 
At 800 °C implanted Si ions diffuse and reduce m, and implanted O ions diffuse 
and increase n in VmOn. All O-related F-type defects appear to begin to disso­
ciate at 950 °C. F retards V-I  recombination because vacancies and interstitials 
trap F to form complexes. F diffuses in the F-rich region via a vacancy mecha­
nism. After a long annealing time at 700 °C F precipitates are developed from 
the F-type defects around the Rp and the I - type defects at the end of range.
W ith the support of photoluminescence spectroscopy it is found that ni­
trogen and oxygen are trapped in the voids around nanocrystalline Si (nc- 
Si) at low temperatures. It appears that the defects at the nc-Si/Si0 2  in­
terface have already been completely passivated by nitrogen and/or oxygen 
in the as-formed nc-Si sample. High temperature annealing during the for­
mation of nc-Si causes hydrogen originally residing in the SiC^/substrate re­
gion to enter the SiC>2 structure. It diffuses back to the SiC^/substrate re­
gion in vacuum at 400 °C because no other impurities block its diffusion 
channels. At temperatures above 700 °C, both nitrogen and oxygen react 
with nc-Si, resulting in a volume increase. This introduces stress in the 
Si0 2  matrix, which is relaxed by the shrinkage of its intrinsic open volume.
It is concluded tha t gallium vacancies {Vgo) exist alongside disloca­
tions and are stable up to 900 °C. Dislocations are believed to be­
have as shallow positron traps. The decrease of dislocation density in­
creases the positron effective diffusion length (£+e/ / ) and the probability 
of trapping at Voa f°r annealing at < 500 °C. Above 500 °C, the trap­
ping of positrons at Voa is saturated while T+e/ /  continues to change.
Finally, A compact user-friendly positron beam annihilation spectrometer is 
introduced. Its design features, performance and first results are presented and 
discussed. Possible applications are described, including ion dosimetry and map­
ping, SIMOX process control, void monitoring and thin film interrogation.
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Positron annihilation spectroscopy (PAS) is an effective method to investi­
gate the defects in materials[l, 2], It was firstly applied to metals and alloys 
in the 1970s. From the mid-1980s its application was widened to semiconduc­
tors. In the development of PAS the appearance of the slow positron technique is 
a milestone. Compared with the conventional PAS, the slow positron technique 
employs much lower positron implantation energies, which are monoenergetic and 
adjustable. This leads to convenient investigations of thin films, epitaxial layers 
and sub-surface regions of bulk materials, which are all important in semiconduc­
tor technology. Hence, it is no wonder that slow positron technique has become 
dominant in the field of positron research on semiconductors[3, 4, 5].
The defects investigated by PAS are mainly open-volume defects, such as va­
cancies, vacancy agglomerates, vacancy-impurity complexes and dislocations[6 ]. 
This is due to the attractive potential at an open-volume defect, which results 
from the lack of repulsive positively charged nucleus. When an energetic positron 
enters a material, it will reach a thermal equilibrium in a few picoseconds (1 0 - 12s). 
The thermalized positron may be trapped at a certain open-volume defect with 
an attractive potential during its diffusion. In contrast to the high electron den­
1
sity in a perfect material, the electron density at the open-volume defect is lower 
because of a lost atom. Therefore, the positron lifetime at the open-volume defect 
is longer than that at the perfect material, e. g. it takes the positron a longer time 
to annihilate with an electron emitting two gamma photons when it is localized 
at the open-volume defect. Moreover, in the annihilation process of a positron 
with an electron, the energy and momentum are conserved. The lower momen­
tum of the electron at the open-volume defect resulting from the lack of a nucleus 
causes a smaller angular deviation from 180° between the two gamma photons 
emitted from the annihilation of positron-electron pair. It also causes smaller 
Doppler shift of the two emitted gamma photons whose energies are about 511 
keV. Therefore, by analyzing the information conveyed by the emitted gamma 
photons, the open-volume defect can be effectively studied by positron lifetime 
technique, angular correlation of annihilation radiation technique, and Doppler 
broadening technique. These techniques can all be realized with slow positron 
beams.
1.2 Positron annihilation
Positrons can be obtained from the /?+-decay of radioactive isotopes (e. g. 
22Na, 64Cu, 58Co, etc.). At the present time, 22Na is the most used source because 
of its relatively high positron yield (~  90.4 %), nearly simultaneous appearance 
of 1.27 MeV gamma photons with the emission of positrons which enables the 
positron lifetime measurement, simple manufacture, long half-life (2 .6  years) and 
reasonable price. 22Na decays by emission of a positron, e+, and an electron 
neutrino, ve, to be the excited state of 22Ne , 22Ne*. Then 22Ne* changes to 
the ground state of 22Ne after 3.7 pico-seconds by emitting a 1.27 MeV gamma 
photon. The formulas of the delay reaction of 22Na are as follows:
22 Na  - > 22 Ne +  e+ +  ve (1 .1)
2
and
22 Ne* 22 Ne  +  7 . ( 1.2 )
When the positron enters a semiconductor, it will annihilate with an electron by 
predominantly emitting two 511-keV gamma photons, e. g., e~ +  e+ — > 2 7 . The 
probability of three-photon emission is only ~  0.3 % and hence can be neglected. 
However, at the surface of the semiconductors, where the electron density is very 
low compared with that in the bulk, positronium could be formed. A positronium 
is similar to a hydrogen atom except that a positron substitutes the proton. If 
the positron has the same spin as the electron, the formed positronium is called 
ortho-positronium, which annihilates by emitting 3 7 . Otherwise, the formed 
positronium is para-positronium, which annihilates by emitting 2 7 . The ratio of 
ortho-positronium to para-positronium is usually 3:1.
1.3 Slow positrons
In conventional positron measurements a positron source is placed between two 
identical samples. The main advantage of such an arrangement is that the sam­
ples can be measured in air. In the meantime the high positron energy up to 540 
keV allows a relatively high maximum penetration depth in the samples. How­
ever, the sample preparation must be made according to its unique requirements, 
the crucial one of which is that the samples must be thick enough to ensure an 
essential fraction of positron annihilating in the samples. In the research on semi­
conductors many problems are linked to thin layers, sub-surfaces and interfaces, 
where the conventional positron techniques can just have a limited application. 
The low-energy positron (slow positron) technique, however, displays its strong 
power at the most in such an area.
The positron energy is monoenergetic and usually varies in the range from 
0 to 40 keV in the slow positron technique. The monoenergetic positrons are 
obtained by moderating emitted positrons with a material of negative positron
3
work function, which is usually tungsten. The moderated positrons (< 1 %) 
are separated from unmoderated ones and accelerated to a required energy. The 
energy variation makes the defect profiling possible in a semiconductor. The 
transfer of positrons from the source to a sample is carried out in a vacuum with 
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Figure 1.1: The positron distribution in wurzite GaN with the implantation 
energies of 14, 22 and 30 keV.
The distribution of slow positrons at the implantation energy of E, P(z, E), 
in a material is a Makhov profile[7, 8 ]. It is read as:




z0 = 1.132 (1.4)
where m is an empirical parameter and z is the positron mean depth, which is
4
given by
z = A E r/p (1.5)
where A, r are also empirical parameters. Typically used empirical values are: 
m = 2 , r  =  1.6, and A = 4.0 pg cm- 2keV- r [9]. p is the mass density of the 
sample. It can be seen that the positron mean depth is proportional to the 
implantation energy, inverse proportional to the material density. The maximum 
positron energy is usually fixed for a slow positron beam. Hence, the material 
investigated determines the maximum depth which positrons can reach. For 
example, the maximum mean depths are 3.96 and 1.60 pm  in silicon and gallium 
nitride (GaN) for a slow positron beam with the maximum implantation energy 
of 30 keV, respectively. The full width at half maximum (FWHM) of a Makhov 
distribution is approximately equal to the mean depth. It means that FWHM 
increases with the implantation energy. This worsens the depth resolution of slow 
positron measurements. Figure 1.1 illustrates the positron distribution in wurzite 
GaN at some implantation energies. It is very clear that at lower energies the 
profiles are sharper and hence the depth resolutions are better.
1.4 Observables
1.4.1 Positron lifetim e
A conventional positron lifetime is defined as the interval between the birth 
of a positron and its annihilation with an electron in a material. It is the inverse 
of positron annihilation rate. The signal of the 1.27 MeV gamma photon ac­
companying the positron emission from a source is used as the start signal. The 
511 keV gamma photon serves as the stop signal. A main difference in a slow 
positron technique is that expensive electronics should be employed to realise 
pulsed beams, whose pulse signal is used as the start signal.
When positrons are trapped in open-volume defects, the positron lifetime
5
increases with respect to the defect-free sample. The value of the longer positron 
lifetime component is a measure of the size of the open-volume defect. The 
strength of this component, i.e., its intensity, is directly related to the defect 
concentration. In principle, both the kind and concentration of the defect under 
investigation can be obtained independently by a single measurement.
The positron lifetime spectrum, dn(t)/dt , is the probability for the positron 
annihilation at time t. It can be expressed as follows:
Where n(t) is the positron concentration, 7* and ( i= l ,  2 , . . . ,  JV)is the positron 
time and its corresponding intensity at the zth trapping site, respectively. By 
decomposition of a lifetime spectrum, the characteristic positron lifetime for a 
definite defect can be obtained. The defect concentration can also be calculated 
using the corresponding /*. In practice, an experimentally obtained spectrum 
is a convolution of the real spectrum described above and a Gaussian time res­
olution function whose FWHM is usually 200 to 250 ps. Such a convolution 
limits the time resolution of the positron lifetime spectra. In addition, a proper 
source correction must be made for the lifetime spectrum because 5 to 10 % of 
positrons annihilate in the source material. Allowing for the finite time resolu­
tion, annihilation in the source materials (if slow positrons are not used) and 
random background, typically only 1 to 3 lifetime components can be resolved 
in the analysis of the experimental spectra. The distinguishing of two lifetime 
components is only successful only if the ratio of them is larger than 1.5.
In positron lifetime measurements average lifetime, rav, is a good and sta­
tistically accurate parameter. It is the center of mass of the lifetime spectrum, 
expressed as:
rav can be correctly calculated from the respective intensity and lifetime even if
N





the spectrum decomposition only represents a good fit to the experimental spec­
trum without any physical meaning. Changes smaller than 1 ps can be reliably 
observed. By comparing rav with the lifetime in a “defect-free” reference sample, 
Tb, one can clearly tell if any open-volume defect exists, p-type semiconductor 
crystal is often a good reference sample because all vacancy defects are in their 
most positive charge state if they exit and thus minimizing the effect of positron 
trapping.
1.4.2 M om entum  distribution  
D oppler Broadening
After the annihilation of a positron with an electron, the momentum of the 
positron-electron pair, p, is transferred to two gamma photons because of the 
momentum conservation. The component of p, p z, parallel to the propagation 
direction z of the gamma rays results in a Doppler shift AE of the annihilation 
energy of 511keV, which is approximately equal to:
A E = p zc / 2 . (1 .8 )
In a measurement lots of annihilation events (typically larger than 106) are reg­
istered to give a complete Doppler spectrum. The energy distribution of gamma 
photons is broadened with the centroid at 511 keV owing to the individual 
Doppler shifts in both directions, ±  z. Since the momentum of a thermalized 
positron is negligible, p could be regarded as the momentum of the electron in 
the positron-electron pair. Electrons can be divided into high-momentum core 
electrons and low-momentum valence electrons in a material. In open-volume de­
fects positrons mainly annihilate with valence electrons because of the low-density 
core electrons resulting from the missing atoms. Owing to the low momenta of 
valence electrons, the Doppler shift A E  is smaller compared with that in the case 
of the annihilation in a defect-free region.
7
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Figure 1 .2 : The Doppler-broadening spectra of defect (divacancy) and defect-free 
bulk in (100) silicon. The difference between them is also plotted. The spectra 
are measured in oxygen implanted silicon (400 keV, 1014 cm-2) by adjusting 
the positron energy to 6  keV and 30 keV for the measurements of defects and 
bulk, respectively. The centroid of each spectrum is at 511 keV. One channel is 
equivalent to 9.309 eV.
S  and W parameters are typically used to evaluate the Doppler-broadening 
spectra quantitatively. S is defined as the area of the central low-momentum 
part of a spectrum, As, divided by the area below the whole spectrum, A, after 
background subtraction:
S  = A s/A  (1.9)
W is calculated as the area of the high-momentum wing part of the spectrum, 
Aw, divided by A:
W  = A w/A.  (1.10)
The effect of positron trapping in defects on the Doppler-broadening spectrum is 
demonstrated in Figure 1.2. It can be seen that the spectrum of defective silicon 
with divacancies is sharper than that of defect-free silicon. It means S (W)  is 
larger (smaller) of defective silicon than that of defect-free silicon. By comparing
S  ( W ) values in the studied sample and defect-free (reference) sample, one can 
know whether defects exist. The S (W)  in the reference sample is often written 
as Sb (Wb).
As (A w) is usually called the region of interest (ROI). Its change brings 
the variation of S {W).  In order to characterize defects with small errors and 
high sensitivity, A s (A w) must be carefully selected according to detector energy 
resolution, crystal orientation, and material and defect type. Practically, there 
are some differences between the selections of A s (A w) in different laboratories. 
This makes the direct comparison of S ( W)  value very difficult. The comparison 
is still not reliable even if the normalized parameter, S / S b (W  /  Wb), is employed. 
This is due to the effect of detector energy resolution and crystal orientation, 
especially the former, although the ROI is the same.
If all implanted positrons annihilate at defect, S  ( W)  will be the characteristic 
parameter for this kind of defects, Sd ( W&). S  ( W)  can be expressed as the linear 
sum of the characteristic parameters for respective positron trapping site:
s = '£fdisdi + (i-Y;fdi)sb
( 1 .12)
where fdi is the fraction of positrons trapped and annihilating at the tth  kind 
defects, whose characteristic parameter is Sdi (Wdi)- If only one type of defects 
exists uniformly in the samples, it is possible to calculate its concentration, Cd 
(per atom), from the measured S  with the formula as follows:
r _ \ b( S - S d)
Cd -  m s i - s t  ( 1
where Xb and fid are the positron annihilation rate and trapping coefficient at the 
defect, respectively. Actually, the surface of a material is an effective trapping 
site for positrons. If the investigated area is very near surface, the contribution
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of the characteristic parameter Ss of the surface should be taken into account. 
This usually makes the analysis difficult.
From (1.11) we can see the value of S  will be saturated if all the implanted 
positrons annihilate at defects (J2f<n= !)• It means there is no change in S  any 
more even if the defect concentration continues to increase, e. g. the sensitivity 
of S  to defect concentration vanishes. In this case, back-diffusion measurements 
are adopted to calculate the effective positron diffusion length (L+eff)  using the 
fraction of positrons diffusing back to the surface. Because of
Xd = Xb[{L+/L+eff ) 2 -  1], (1-14)
Ad, the positron trapping rate at defects, can be calculated with the experimen­
tally obtained T+e/ / , known positron diffusion length, L+, and positron annihi­
lation rate, A&, at a defect-free material. Then the defect concentration can be 
obtained with the expression:
Cd = (1.15)
If only one type of defects exist, the following expression can be derived from 
(1 .1 1 ) and (1 .1 2 ):
= * ,  (1.16)w - w b wd- w b
where k is a constant, which is dependent on the defect type. Therefore, the 
points will be on the same line, whose slope is k, when S  (S/Sb) is plotted 
against W ( W/ Wb) .  This is usually used to tell how many kinds of defects are 
in the sample investigated.
In addition, one can tell whether the vacancy is decorated by impurities by 
plotting the respective characteristic S  for different vacancies ( VX1 x = 1 ~
If there is no impurity decorating these vacancies, there will be no deviation from 
the linearity of S  over W.
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Angular C orrelation of Annihilation R adiation (A C A R )
The components of p, p x>y, perpendicular to the propagation direction z of the 
gamma rays lead to the angular deviation, @X)y, of the collinearity of two emitted 
gamma photons. Qx>y is expressed as
(1.17)
where mo is the rest mass of the electron.
r \  _  Px,y
KJx,y — :
TTIqC
The momentum distribution is usually recorded in two dimensions in ACAR. 
This is so-called 2D-ACAR. If a position-sensitive detector is used, one-dimension 
ACAR (ID-ACAR) could be realized. The angular resolution is in the range from 
0.2 to 5 mrad, corresponding to the energy resolution in the range from 0.05 to
1.3 keV. Thus, ACAR has a much better momentum resolution than Doppler 
broadening spectroscopy. The measurement time, however, is very long (several 
days). The main applications of ACAR are in bulk electronic structure and Fermi 
surface studies.
1.5 Summary
Positron annihilation spectroscopy is a powerful tool to study the defects, 
especially open-volume defects, in materials. The advent of slow positron tech­
niques made it possible that thin structures such as sub-surfaces, thin films and 
epitaxial layers can be measured by PAS. Slow positron techniques mainly consist 
of positron lifetime spectroscopy, Doppler-broadening spectroscopy and angular 




Open-Volum e D efects in 
Ion-Im planted Sem iconductors
2.1 Introduction
Ion implantation has been one of the most important tools in silicon-based 
microelectronics industry[ll, 12]. When the device dimension decreases to deep 
sub-micrometer regime, however, ion implantation is faced with ever severer chal­
lenges. The critical dimensions of metal-oxide-semiconductor (MOS) devices in 
the near future are shown in Table 2 .1  [13]. The challenges caused by the decreas­
ing dimensions require a more complete understanding of the interaction between 
the defects and dopants during implantation and activation of dopants. For ex­
ample, the role of interstitial-type defects introduced by B+ implantation has 
been carefully investigated to understand the mechanism of B transient enhanced 
diffusion[14]. The successful manufacture of a shallow junction in a p-MOS will 
benefit from such an understanding. Open-volume defects are inevitable in ion 
implantation. They are usually in the forms of vacancy, divacancy, vacancy- 
impurity complex, vacancy cluster and void, etc.. It was shown that some dopants 
such as Sb[15] and Ge[16] are vacancy-related diffusers so that their distribution 
could be impacted by vacancies in silicon. It is also demonstrated that vacancies 
play an important part in the activation of dopants, e.g., B[17]. In addition, the
12
Table 2 .1 : Projected MOS source/drain doping technology requirements[13].
First year of production 
Transistor gate length (/mi) 
Depth of p-n junction at channel 
Surface concentration (cm-3) 
Wafer diameter (mm)
Metal impurity (109at.cm-2)
2 0 0 1 2004 2007 2 0 1 0
0.18 0.13 0 .1 0 0.07
30-80 20-60 15-45 10-30
1 0 19 1 0 19 1 0 2° 1 0 2°
300 300 300
1 0 5 2.5 < 2.5
effects of open-volume defects are critical in other ion implantation related tech­
niques such as impurity gettering[18, 19]. Therefore, the study of open-volume 
defects is not only a natural component of defects research in ion-implanted sil­
icon, but also scientifically and technologically important issue closely linked to 
the continuing development of Si-base ultra-large-scale integrated (ULSI) circuits.
Compared with defect study in ion-implanted silicon, the counterpart in III- 
V compound semiconductors seems weak. Although ion implantation has been 
applied into GaAs, some special problems deter the understanding of the defect 
formation and the annealing in ion-implanted GaAs. Firstly, during implanta­
tion a variety of defects with different annealing behaviour are generated in both 
sublattices of GaAs. Secondly, the comparably high arsenic vapor leads to a se­
lective evaporation, which makes the heat treatment difficult. Finally, the recoils 
of As and Ga by ion implantation produce vacancies near the surface and an 
excess of interstitials in deeper regions. In the research of GaN ion implantation 
is still struggling to realize its potential[20]. Without doubt a successful and full 
application of ion implantation depends on the understanding of production and 
annealing of defects. Unfortunately, the study of defects, especially the open- 
volume defects, in ion-implanted III-V semiconductors is rather limited owing to 
the inherent complexity.
The defects induced by ion implantation are usually located in the sub-surface 
regions of semiconductors (shallower than 4 /mi). These regions are exactly suit­
able to be investigated by slow positrons. In the last decade lots of studies on 
vacancy-type defects in ion-implanted semiconductors, especially Si, have been 
done by using the slow positron technique. This establishes one of standard 
applications of the slow positron technique.
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2.2 Ion im plantation
2.2.1 Ion distribution
As each implanted ion enters a target, it goes under a series of collisions with 
the target atoms until it finally comes to rest at some depth. The collisions can 
be divided into elastic ones between the ion and the nucleus of the target atom, 
and inelastic ones between the ion and the electron in the target. Each implanted 
ion has a random path as it moves through the target, losing energy by nuclear 
and electronic stopping. Since each implantation dose contains a number of ions 
(> 1 0 10 ions/cm2), the average behaviour of these ions could be well predicted. 
Their distribution is approximately a Gaussian profile[21]. Figure 2.1 shows B+ 
implantation into Si simulated by TRIM [2 2 ], which is a Monte Carlo code using 
binary collision approximation. The Gaussian distribution of B+ in Si is clear in 
Figure 2.1 (a) .The ion concentration, n(x ) 1 along the depth, x, is written as
where Rp is the average depth of all the implanted ions, usually called the pro­
jected range, ap is the standard deviation of the Gaussian distribution, no is the 
peak ion concentration, which is located at Rp. no can be easily obtained from 
the total ion dose, 4>, using the following expression:
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Figure 2.1: (a) Boron, (b) vacancy and (c) net vacancy (the concentration differ­
ence between vacancies and interstitials) profiles in 100 keV B+ implanted silicon 
obtained from the simulation code TRIM.
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2.2.2 Dam age
In the elastic collisions the lost energy of the incoming ion is transferred 
to the target atom, which is recoiled from its lattice site, resulting in irradiation 
damage. The lost energy in inelastic collisions, however, is dissipated through the 
electron cloud into thermal vibration of the target. The damage caused by the 
inelastic collisions is usually negligible unless the implanted ion has a very high 
energy (the order of magnitude of MeV). The binding energy of a lattice site is 
only about 10 to 20 eV. Hence, it is easy for the incoming ion with a much higher 
energy to free an atom from its position and make it travel through the target as 
a second projectile. Now both the ion and the displaced atom travel and cause 
further displacements, so the initial energy of the ion is spread over many moving 
particles. Finally, the energy per particle decreases to be below the binding 
energy of a lattice site and the cascade stops. The result of one ion has been 
the displacement of many target atoms. After lots of ions have been implanted, 
an initially crystalline target will be highly disordered. There are many defects, 
mainly interstitials and vacancies, in the disordered area. Their distributions 
can be simulated by TRIM, too. Figure 2-1 shows the simulation result for 100 
keV B into silicon. It can be seen that in the near surface region there are more 
vacancies than interstitials. At the end of the B distribution, however, there 
exist more interstitials. This separation of vacancies and interstials inherently 
results from the momentum transfer of implanted ions. Recently, DLTS and 
SRP measurements on MeV implanted Si have presented experimental evidences 
for the separation[23, 24]. The main disadvantage of TRIM is that it doesn’t 
consider the annealing of defects. Actually, there exists recombination between 
vacancies and interstitials during implantation. If the temperature increases, 
the recombination will become more significant. Another simulation code called 
molecular dynamics (MD) simulation takes into account the thermalisation of the 
cascade region during implantation[25]. Because of a short time scale (~  1 0 _9s), 
MD is not suitable for studying the long-range diffusion of dopants and defects. 
However, kinetic Monte Carlo (KMC) can be coupled with MD to simulate it in 
a much longer time regime [26].
The damage induced by implantation heavily depends on target temperature 
and implantation dose. The lower the temperature is, or the higher the dose is,
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the more damage is because of less recombination and more overlap between the 
defects. When the disorder reaches a certain level (e.g. 1 0  % of the lattice sites) 
in an area, this area will become amorphous. All the damage may be annealed 
out at some appropriate temperature.
2.2.3 Ion im planter
Rotating j 
Wafer disk:
Figure 2 .2 : Schematic of a typical commercial ion implanter.
An ion implanter is typically composed of ion source, ion extraction, mass- 
analyzing magnet, mass-selecting slit, acceleration/deceleration, and wafer feeder 
(as shown in Figure 2.2 ). The ion source is heated by a filament. The resultant 
ion plasma contains the desired ion and many other species. An extraction voltage 
is applied to take the charged ions in the plasma out of the source chamber. Under 
a vacuum (< 10- 6  Torr) the magnet field chooses the charged ions with a desired 
charge to mass ratio. Only the chosen charged ions travel through the mass- 
selecting slit and then are accelerated or decelerated to required implantation 
energy.
The specific requirements for an ion implanter are different for different implan­
tation energy ranges. It has become a sever challenge for the implanters to realize 
ultra-low energy implantation needed in shallow junction formation. A shallower
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junction needs lower implantation energy and higher dose. In order to keep a 
reasonable throughput the beam current should be higher to reach the higher 
dose without a long time. The maximum beam current, however, decreases as a 
function of energy, owing to space charge effects or ion repulsive forces induced 
beam expansion. Effective approaches such as the use of large beam cross-section 
and short beam line were attem pted on the high-current implanter for ultra-low 
energy implantation. Now the low energy capability for B+ from 5 keV, 12 mA 
to 200 eV, 0.4 mA can be available by using several advanced implanters such as 
VIISion80 Plus, xR80 LEAP, ULE2 and SHC-80[27].
2.3 Open-Volume defects
2.3.1 Vacancies
A vacancy is the simplest open-volume defect in semiconductors. It usually 
introduces deep levels and can impact the electrical properties of semiconduc­
tors. The deep levels of vacancies in Si[28] and GaAs[29, 30, 31, 32, 33, 34] are 
illustrated in Figure 2.3 and 2.4, respectively. In wide-band-gap GaN, a nitro­
gen vacancy, Vn , has a shallow donor level about 0.06 eV below the conduction 
band[35], and a gallium vacancy, Vca can introduce three levels as a deep triple 
acceptor[36]. These three levels are marked in Figure 2.5, which shows the for­
mation energy of various defects in GaN (Ga rich) as a function of Fermi level.
The charge state of a vacancy is dependent on the Fermi level. In the damaged 
area induced by ion implantation the Fermi level is usually pinned near the middle 
of the bandgap. Therefore, the vacancy is negatively charged in ion implanted sil­
icon, the gallium vacancy is negatively charged in ion implanted GaAs and GaN. 
These negatively charged vacancies can be easily seen by positron measurements 
if they exist.
It is well known that the temperature affects the annealing of defects. At 
higher temperature, the agglomeration of defects can be enhanced together with
18
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Figure 2.3: Energy-level scheme for various charge states of monovacancy, diva­
cancy, vacancy-phosphorus pair (E center) and vacancy-oxygen pair (A center) 
in silicon [16].
their recombination owing to the accelerated thermal dynamics. In addition, 
there is a space separation for vacancies and interstitials in the ion implanted 
area. Hence, it is very possible that monovacancies agglomerate to divacancies, 
trivacancies, or even bigger vacancy clusters. It has been proved that divacancy is 
the dominant vacancy type in ion implanted silicon at room temperature[37, 38]. 
It means that nearly all the initial monovacancies annihilate by recombination 
with interstitials or agglomeration to divacancies. Most of the ion implantation is 
processed at room temperature for silicon in industry. The resultant main open- 
volume defects are divacancies, which is predominantly neutral in the defective 
implanted silicon so that it can trap positrons. Up to now extensive work about 
the open-volume defect (mainly divacancy) distribution and annealing has been 
done in ion implanted silicon.
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Figure 2.4: Energy-level scheme of arsenic vacancies, gallium vacancies in GaAs 
according to theoretical calculations of (a) Baraff and Schlter[29],(b) Puska[30], 
(c) Jansen and Sankey[31], (d) Xu and Lindelt[32], (e) Zhang and Northrup[33] 
and (f) Seong and Lewis[34].
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The Ga vacancy dissolves at 300 K in GaAs. It is believed that the open-volume 
defects seen by positron measurements in ion implanted GaAs at temperatures 
higher than 300 K are defect complexes which include Ga vacancies. In electron 
irradiated GaN there are no Ga vacancies probed [35]. It is suggested that there 
is a strong combination between the negatively charged Ga vacancy and the 
positively charged Ga interstial. Another possible explanation is that the Ga 
vacancies have high formation barriers in damaged area because of the pinned 
Fermi level near the mid-band-gap (Figure 2.5). However, it is not clear whether 
there are no Ga vacancies in ion implanted GaN, as in electron irradiated GaN, 
although experiments have demonstrated the recombination rate is much higher 
in GaN than in other semiconductors during ion implantation [20].
Positively charged vacancies can be produced and survive the annealing dur­
ing ion implantation. Owing to the repulsive Coulomb potential between these 
vacancies and positrons, it is difficult to measure them with positron techniques. 






Figure 2.5: Formation energies (E f) of various defects versus Fermi level (fie) 
position in GaN for the Ga-rich case. /ie =  0 when Fermi Level is at the top 
of valence band. The ionization levels of gallium vacancies and the complex of 
gallium vacancy and substitutional oxygen are also marked. The change of slopes 
means the variation of charge states[36].
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2.3.2 Vacancy-Impurity com plexes
Vacancies can combine with impurities to form vacancy-impurity complexes in 
semiconductors. The so-called A center (VO) [28] and E  center ( V-dopant)[39] 
have been identified in electron irradiated silicon. Their corresponding level po­
sitions are shown in Figure 2.3. In ion implanted silicon vacancies can com­
bine with the residual impurities as well. For instance, it was found boron- 
divacancy complexes ( V2-B) formed in a 5 MeV self-implanted highly B doped 
silicon [40]. Vacancies can also combine with the implanted ions in all possi­
bility. Vacancy-hydrogen complexes were clarified by both infrared absorption 
spectroscopy[41] and positron annihilation spectroscopy[42] in hydrogen implan­
tation to silicon, which is applied to gettering engineering and manufacturing 
smart-cut wafers. Various vacancy-oxygen complexes ( Vx Oy) were found in oxy­
gen implanted silicon [43]. Vacancy-fluorine complexes were identified in the com­
parisons among B, BF2 and F implanted silicon[44]. By analyzing the ratio of 
511 keV photo peak of nitrogen-implanted silicon to a control silicon sample, 
the existence of vacancy-nitrogen complexes was proved[45], which is crucial to 
the explanation of nitrogen diffusion in silicon. It is well known that SIMOX 
(Separation by IMplantation of OXygen), an advanced silicon on insulator (SOI) 
structure, is realized by oxygen implantation. Implantation of BF2 is an impor­
tant technique for manufacturing shallow p-n junctions. Nitrogen implantation is 
of particular importance in mixed signal CMOS and system on a chip technology 
owing to its ability to retarding gate oxide growth and hence varying the gate 
oxide thickness across a wafer. In order to take full advantage of these implan­
tation techniques, understanding the reaction between defects and impurities is 
mandatory. Therefore, the study of vacancy-impurity complexes is desirable.
Ga and As vacancies were found in electron irradiated GaAs. Their annealing 
all occurs at 300 K[46]. There are no reports on positron measurements of As 
vacancies in ion-implanted GaAs. The Fermi level is difficult to approach the 
conduction band in the ion-implanted layer even if GaAs is initially n type. 
Hence, As vacancies are predominantly positively charged so that they can’t be 
measured by positron techniques. The measured open-volume defects in ion- 




As said previously, vacancies can agglomerate into clusters. A large va­
cancy cluster is called a void (they are equivalent in this thesis). Under such 
circumstances as high doses or high dose rates during implantation, vacancy 
clusters have been found in silicon. For example, the dominant defects in the as- 
implanted wafer were believed to be vacancy clusters with a positron lifetime of 
500 ps when high dose (> 1018 cm-2) oxygen was implanted to form SIMOX[48]. 
In the annealing after implantation voids may form owing to the thermally en­
hanced agglomeration. The formation of stable voids at the depth shallower than 
half projected range in 850 °C annealed self-implanted silicon (245 keV, 8  x 1014 
- 6  x 1 0 16 cm-2, 100 °C) has been observed recently[49]. Fujinami’s work demon­
strated that the clustering of divacancies appeared in the temperature range from 
200 to 300 °C[50]. It was also found in the completely amorphised silicon by 
self-implantation a large number of voids formed and grew in the annealing of 600 
to 700 °C[51]. In addition, large vacancy clusters Vx ( x > 1 0 ) were observed at 
the vicinity of the peak of the hydrogen implantation profile (60 keV, 1016 cm-2) 
in the range from 400 to 700 °C[52],
Although the work on ion-implanted GaAs is not as extensive as that on 
silicon, similar vacancy agglomeration has been observed too. By measuring 
oxygen implanted (80, 200 keV, 1013 - 1015) GaAs with Doppler Broadening 
spectroscopy a near surface defective layer was found, whose S  parameter went 
up more obviously for higher doses and was higher compared with monovacancies. 
It was concluded the defects here were vacancy clusters[52]. The vacancy clusters 
were also found in Se implanted GaAs after an additional annealing at 800 °C[53].
Voids are technologically important especially in the application of ion implan­
tation to getter the metal impurities in silicon because they are effective nuclei 
for the impurity agglomeration [54]. Moreover they are also used to suppress the 
transition enhanced diffusion of B at the end of the range of B implantation by 
the pre-implantation of other ions such Si[55], Unfortunately, the applications of 
void related defect engineering in compound semiconductors are scarce. Hence, 
continuous study on voids is desirable in the sense of both enhancing the present 
application and exploring new defect engineering.
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2.4 Summary
Ion implantation is one of the most important processes in semiconductor 
industry. It is also expected the ion implantation can play an important role in 
the device manufacture of new semiconductors such as GaN. Damage is inevitable 
in ion implantation. The resultant defects have great effect on devices so that 
the understanding of their behaviours is crucial. Open-volume defects such as 
vacancies, vacancy-impurity complexes and voids are the common defects located 
in the sub-surface regions in ion-implanted semiconductors. The slow positron 
technique can be readily employed to study these defects.
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Chapter 3
O ptim ization of  
Doppler-Broadening  
M easurem ent Param eters for 
Silicon
3.1 Introduction
Slow positron beam techniques have been well established to study vari­
ous defects, especially the open-volume defects, in all kinds of materials such as 
semiconductors, metals, alloys, and amorphous materials[56]. One can efficiently 
profile the distribution of defects in the near surface region by varying the inci­
dent energy of mono-energetic positrons. Although several observation methods 
are available for slow positron beam, Doppler Broadening is the most used one 
in many laboratories all over the world. This is due to its comparatively easy 
explanation of experimental data, fewer limits on instruments and shorter run 
time[4].
It is conventional to use a shape parameter (S ) and/or a wing parameter ( W) 
to characterize the shape of Doppler broadened 511 keV peak in order to obtain
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the information of the defects in materials. S  is the ratio of the central area (C ) 
to the total area ( T ) under the peak and W  is the ratio of the wing area (A) to T. 
The values of S  and W  are determined by the momenta of the electrons, which 
annihilate with positrons. If a thermalized positron annihilates with a valence 
electron, the Doppler broadening is small owing to the low momentum associated 
with it. This contributes to the increase of S. In contrast, the Doppler broadening 
is big under the circumstance of annihilation with a core electron, which usually 
has a higher momentum. The more positrons annihilate with core electrons, the 
bigger the value of W  is. In open-volume defects, positrons mainly annihilate 
with valence electrons. Therefore, comparing to the perfect crystal, there will 
be a higher value of S  or lower value of W  in the crystal where open-volume 
defects exist. Practically, S  and W  make no sense unless they are compared 
with those of a perfect crystal. In order to characterize the defects in materials 
more directly, S/Sb  or W/Wb is widely used, where the subscript b means that 
all thermalised positron annihilate in the bulk (perfect crystal). It is well known 
that the characteristic values of various defects are usually expressed in such a 
way as Sd/Sb and Wd/Wb, where the subscript d means that all the thermalised 
positrons annihilate in defects. It is an effective way to identify the type of the 
defect with Sd/Sb (Wd/Wb). In addition, Sd/Sb (Wd/Wb) is often used in the 
fitting programs such as VEPFIT to fit the experimental data and calculate the 
defect concentration[57].
Sd/Sb ( Wd/Wb) depends upon (a) the region of interest (ROI) which determines 
the boundary of the areas C and A, (b) the energy resolution of the annihilation 
gamma photon detector, (c) the type and crystalline orientation of the material 
being studied[58, 59]. Of these only ROI is usually adjustable experimentally. 
Therefore, how to choose ROI is important, which should aim to optimize the 
characterization of defects, when S /S t  ( W/Wb) is used. At the present time the 
ROI is conventionally chosen to make Sb equal to ~  0.5 or Wb equal to ~  0.25. 
This convention originated in the early research on metals over twenty years ago. 
It is acceptable as far as the introduction of analysis error is concerned. However, 
no one is very sure about whether such a choice is optimum, especially given the 
types of materials studied have been extended.
Studying ion-implanted silicon is one of the standard applications of slow
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positron beam. It is useful to determine the optimum ROI that should be em­
ployed in the work on silicon. In this chapter the relation between the optimum 
ROI and crystalline orientation and energy resolution has been obtained by theo­
retical simulation. An experiment on boron implanted <100> silicon is performed 
to test the simulation.
3.2 Simulation
3.2.1 Procedure
Recently Hakala et al have calculated the momentum distribution of electron- 
positron pairs annihilating at all kinds of vacancy clusters ( V, V2 , V3, V4 and 
V5) and the bulk in silicon for the first time[10]. Their work proved to be reliable 
and useful in guiding the experiments[58, 59, 60, 61]. The simulation here started 
with Hakala et a /’s theoretical Doppler broadened spectra. Because divacancy 
( V2 ) is the most common vacancy-type defects in ion-implanted Si, only V2 was 
taken into account at the present time. Then the theoretical Doppler broadened 
spectra of both V2 and bulk in three different orientations were convoluted with 
Gaussian functions of FWHM(full width at half maximum) corresponding to 
experimental energy resolutions(1  to 2 keV ). Figure 3.1 shows the convoluted 
Doppler broadened spectra of bulk and V2 in < 111 > silicon with an energy 
resolution of 1.2 keV. The difference between them is also plotted. The abscissa 
is the energy shift from 511 keV. It is clear that the central area of the spectrum 
of V2 is larger than that of the bulk. It agrees with the fact that thermalised 
positrons annihilate with more low momentum electrons in V2 than in the bulk. 
Subsequently, for S  parameter, a variety of regions between - 3.9203 keV and 
3.9203 keV were tried by reducing them from both sides with a step of 0.0933 
keV. For W  parameter, the regions between the intersection point, where the 
spectrum difference between divacancy and bulk is zero, and the end point, where 
the spectra decrease to zero, were tried like that for S  (the results would be 
multiplied by 2  to obtain the whole wing area A). Sd (Wd), Sb (W&), Sd/Sb 
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Figure 3.1: Convoluted Doppler-broadened spectra for bulk < 1 1 1  > Si and for 
a divacancy in < 1 1 1 > Si with a detector energy resolution of 1 .2  keV and the 
difference between the two spectra. Abscissa: energy shift from 511 keV. Inset: 
FMs vs. half-width of ROI for energy resolution of 1 .2  keV (same energy shift 
values as main axis).
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3.2.2 Figure of merit
In order to evaluate how good the selected ROI, a figure of merit was incor­
porated in the analysis. If
the expression, A r /( r  — 1 ), where Ar is the standard deviation of r, can signify 
the uncertainty and sensitivity of the measurement to defects. Here A r/(r  — 1) 
is named figure of merit (FMS). The smaller the FMS, the better compromise be­
tween uncertainty and sensitivity. The optimum ROI should be able to minimize 
FMS. Allowing for
Prom the definition of S , given T  = A  +  C, similar to the calculation of
(3.2)





can be derived. In the derivation S  is deemed as a function of C and A. It is also 
assumed that A C  and A A  are y[C and y/A, respectively. Substituting equation
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(3.4) and (3.5) into equation (3.3), then combining the result with equation (3.1), 
FMS can be written as:
Td - C d Tb - C b 
TdCd +  TbCb '
(3.6)
Analogical to FMS, FM^ (the figure of merit for Wd/Wb ) reads:
FMw Wd - W „ i  TdA d TbA b/
(3.7)
The variables on the right of the equation (3.6) and (3.7) above can be obtained 
easily once the limits of ROI are determined. Therefore, FMS and FMW can be 
computed and compared when various ROI selections are made. In the present 
simulation, Td and Tb were set as 1 0 7.
The inset of Figure 3.1 shows the relation between FMS and the ROI in 
< 1 1 1  > silicon with energy resolution of 1.2 keV. The abscissa is the right limit 
of ROI for S. It can be seen that the smallest FMS appears where ROI is very 
wide. The corresponding Sd/Sb is 1.004, which is too near 1 to demonstrate 
the sensitivity of a measurement to defects. Hence, the second minimum FMS 
was chosen, which is slightly larger than the smallest one but the sensitivity is 
much better, to determine the optimum ROI. In all the simulation the similar 
treatment was applied if there are two minimum figures of merit.
3.3 Experim ental procedure
540-micrometer-thick <100> orientated single crystal silicon was used. It 
was implanted with 1.5 MeV B+ to a dose of 1015 cm-2. From a preliminary 
experiment it was known that there was a saturated peak in the plot of S  versus 
incident positron energy in this sample. The saturated peak appeared at 14 keV 
of incident positrons. Owing to the high implantation energy, the S  parameter
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could not reach the bulk value (i.e. not all the thermalised positrons annihilated 
in the defect-free bulk) even though the positron energy was 30 keV. However, 
when the positron beam entered the sample from backside (opposite to the boron 
implantation surface) with energy of 24 keV, all the thermalised positrons would 
stop where there were no defects. In order to minimize the statistic errors, ~  108 
counts were collected in each incident positron energy by a high purity germanium 
detector with the energy resolution of 1.44 keV. The distribution of the total 
counts in 511keV photons peak was analyzed in the computer program Genie 
2000 .
3.4 R esults and discussion
Figure 3.2 shows the optimum ROI as a function of detector energy resolution. 
The effect of crystalline orientation is also demonstrated. In Figure 3.2 (a) the 
left-hand ordinate is the right limit of the optimum ROI for S  (its left limit is 
symmetric with respect to the centroid of the Doppler broadened peak). The 
left-hand ordinate is the left limit of the right part of the optimum ROI for W  in 
Figure 3.2 (b). Given the counts around the end of the peak are very small, the 
limit close to the end of the peak can make little difference when the ROI for W  
is considered. Therefore, the treatment of the limits of the optimum ROI for W, 
i.e., only the one near the centroid is considered, is reasonable in Figure 3.2 (b). 
Sb or Wb associated with every optimum ROI is also illustrated as the right-hand 
ordinate in Figure 3.2. The solid lines are the results of second-order regression.
It can be easily seen that both the right limit of the optimum ROI for S  and 
the left limit of the right part of the optimum ROI for W  go up with the increase 
of energy resolution. It means the optimum ROI for S  increases and that for W  
decreases when the energy resolution increases. This is because higher (worse) 
energy resolution results in stronger smearing of the Doppler broadened spectrum. 
In the meantime, we can readily find that there is an anisotropy between different 
crystalline orientations, i.e., the optimum ROI is not the same for each orientation 
although the energy resolution is the same. It has been proved by theoretical 
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Figure 3.2: .Optimum ROI for (a) S  and (b) W  versus detector energy resolution 
in Si with different crystalline orientations. Left-hand ordinate: (a) half-width of 
the optimum ROI for S, (b) inner limit of the optimum ROI for W. Right-hand 
ordinate: Sb or Wb for every optimum ROI. Solid lines: second-order regression 
fits.
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spectra of silicon bulk and negligible anisotropy in the spectra of divacancy[59, 10, 
60]. Therefore the differences between different orientations should be attributed 
to the bulk’s anisotropy. The different scales of Sb for different orientations can 
also demonstrate this point, i.e., for the same ROI Sb will change if the orientation 
is different. In the region of energy resolution between 1.2 and 1.6 keV, into 
which the experimental energy resolution usually falls, the differences of ROI 
between <111> and <100> are rather small. Therefore, it is suitable to adopt 
the same ROI for < 1 1 1 > and <100>. When the orientation is changed to <110>, 
however, it is necessary to adjust the ROI to make an optimum measurement. It 
is concluded that the ROI must be chosen in terms of both the energy resolution 
and the orientation.
It is noteworthy that in the usual experimental energy resolution region 
(1.2 - 1.6 keV) Sb and Wb linked to the optimum ROI are not 0.5 and 0.25, 
respectively. Sb is exclusively larger than 0 .6  except that Sb of < 1 0 0 > orientation 
at 1.2 keV resolution is slightly smaller. Meanwhile, Wb is larger than 0.25 except 
that for <110> orientation the conventional 0.25 is still suitable around 1.6 keV 
resolution. The present simulation suggests that empirical values of Sb and Wb 
which are used to determine the ROI should be revised in order to optimize the 
characterization of the defects in silicon
Figure 3.3 shows the relation between S2V/Sb or W2V/Wb  and the energy 
resolution under different orientations when the optimum ROIs are chosen. Here 
S2v ( W y  denotes Sd {Wd) of divacancy. The solid lines are still the results 
of second-order regression for the data dots. From Figure 3.3 (a) we can see 
Siv/Sb decreases with the increase of energy resolution. The closer to 1 S2V/Sb 
is, the worse the sensitivity of the measurement is. It can be derived that if 
the optimum FMS is insisted, the sensitivity will decrease with the increase of 
resolution. It should be noted that there is no data for resolution greater than 
1.8 keV under <111> and <110> orientations. The reason is that only one 
minimum FMS (FMW) in all the tried ROIs, whose corresponding S2V/Sb{ W2v/W b  
) is too close to 1. Accordingly, we suggest that under the above circumstances 
the ROIs are chosen to be the same to those for 1.8 keV. As seen in Figure 3.3 
(b), the change of W2V/Wb with the increase of resolution is different from that 
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Figure 3.3: (a) S2V/Sb and (b) W2V/Wb vs. detector energy resolution in Si with 
different crystalline orientations when the optimum ROIs are chosen. Solid lines: 
second-order regression fits.
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On the other hand, its trend is firstly up and then down. The latter implies 
that the characteristic normalized wing parameter may be the same for different 
resolutions if the optimum ROIs are always chosen.
Now we are moving on to experimentally test the results of our theoretical simu­
lation. Much work has suggested that divacancy is the dominant open-volume de­
fects in ion-implanted silicon at room temperature[37, 62, 38]. Recently Gebauer 
et al have also concluded that divacancy is the dominant open-volume defect in 
boron implanted silicon with the dose up to 1 0 15 cm - 2  after room temperature 
annealing[63]. Thus, it is reasonable to consider that the Doppler broadened 
spectrum obtained at 14 keV of incident positron energy in boron implanted sil­
icon is for the positron annihilation in divacancies. In addition, it is natural to 
regard the spectrum attained at 24 keV of incident positron energy as the bulk’s 
spectrum. The 511 keV photon peaks of divacancy and bulk are analyzed like 
the simulation.
Figure 3.4 shows the FMS (FMW) as a function of Sb {Wb) in boron implanted 
<100> orientated silicon with our experimental energy resolution of about 1.44 
keV. The corresponding ( W2V/Wb) is also plotted against Sb ( Wb) as the
right ordinate. Figure 3.4 (a) indicates that the FMS decreases firstly and then 
increases, However, S2V/Sb always decreases, with the increase of Sb■ it is clear 
that the minimum FMS, 3.13 x 10-3, appears at Sb of 0.64. S2V/Sb associated 
with such a minimum FMS is 1.032. It can be seen that Sb is about 0.64 in 
Figure 3.2 (a) and S2V/Sb is about 1.031 in Figure 3.3 (a) when optimum ROI is 
selected at the energy resolution of 1.44 keV. The results are in agreement with 
the simulation well.
Figure 3.4 (b) shows the FMW and W2V/Wb change with Wb in in the same 
boron implanted sample. It is indicated that the minimum FMW, 2.81 x 10“3, 
appears when Wb is ~  0.34. The corresponding W^v/Wb is 0.935. In simulation, 
they are 0.35 (Figure 3.2 (b)) and 0.944 (Figure 3.3 (b)), respectively, when 
the resolution energy is 1.44 keV. Allowing for the effect of background in the 
experiment, one should expect a slightly larger Wb when the optimum ROI is 
chosen. The experimental results, however, is smaller than that of theoretical 
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Figure 3.4: Experimentally-determined (a) FMS vs. Sb and (b) FMW vs. Wb for 
1.5 MeV, 1015 cm - 2  B+-implanted <100> Si with an detector energy resolution 
of 1.44 keV. Right-hand ordinate: (a) S2V/Sb and (b) W2V/Wb-
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parameter is not as good as that in shape parameter. Obviously, it should be 
pointed that both experiments and simulation demonstrate that the empirical 
Wb of 0.25 is not optimum to determine ROI. In terms of the more complexity in 
the wing parameter, generally speaking, the agreement between simulation and 
experiments is fairly satisfactory.
The effect of the background on S  is negligible in practice [4], If an accurate 
subtraction of the background is performed when W  is used in experiments, the 
results from our simulation can be used to guide the experimental work correctly.
Finally, the figures of merits are compared when the optimum ROIs and 
conventional ones (resulting from making Sb 0.5 and Wb 0.25) are used. It is 
found that in the typical experimental energy resolution region (1 .2  ~  1.6 keV) 
the promotion is usually smaller than 10%. For instance, it can be calculated 
in Figure 3.4 that FMS and FMW are decreased by 5% and 2%, respectively. 
Apparently, the improvements of FMS and FMW are not significant. However, it 
is suggested to use the best because there is no any especial cost. One of the 
reasons to turn to the optimum ROIs is the requirement of distinguishing some 
very small difference of defect concentration precisely. A proposal of diagnostic 
measurement of ion implantation dose with a positron beam has been made[64]. 
We will try to use the optimum ROIs to monitor the ion implantation doses within 
a change of 1 0 % or even smaller, where the variation of defect concentration is 
rather small.
3.5 Conclusion
The choice of ROI in studying defects (divacancies) of silicon is simulated 
utilizing the theoretical Doppler broadened spectra. The experiment on boron 
implanted < 1 0 0 > silicon proves that the results from simulation are reliable and 
can be used to guide the experimental work. The optimum ROIs should be cho­
sen for each system studied according to the crystalline orientation and detector 
energy resolution. The conventional choice of ROI, which results from the crite­
rion of Sb ~  0.5 or Wb ~  0.25, is not the optimum one in work on vacancy-type
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defects in silicon using the typical detector energy resolution. It is necessary 
to transfer to the optimum ROIs, especially in some measurement that requires 
higher sensitivity and smaller errors.
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Chapter 4
O xygen-R elated Vacancy-Type 
D efects in Ion-Im planted Silicon
4.1 Introduction
Ion implantation has been one of the most important tools in Czochralski (Cz)- 
Si-based microelectronic industry. An inevitable outcome of ion implantation is 
the damage - mainly vacancy( V)- and interstitial(/)-type defects - induced by the 
incident energetic ions. It is well known that oxygen is one of the most important 
impurities in Cz Si, whose concentration is usually around 1018 cm-3. Oxygen 
is also often used as the implanted ion to produce Si-on-insulator devices, which 
are very suitable for radiation-hardness, low-power and low-voltage application 
[65, 6 6 ]. Previous studies have demonstrated that oxygen readily reacts with Vs 
to form complexes in ion-implanted Si. These complexes can be effectively inves­
tigated by positron annihilation spectroscopy (PAS), which is a useful technique 
to detect F-type defects [4]. Fujinami [50] used PAS to study O-related defects in 
Si implanted with 180 keV O to a dose of 2  x 1015 cm - 2  by annealing it from 300 
to 800 °C. He found that O -V  complexes evolved to multioxygen-multivacancy 
complexes and then to oxygen clusters finally around the ion-projected range 
{Rp). In addition, he showed that O-related multivacancy-based defects were 
also formed in the proximity of the surface, but their behaviour was not as com­
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pletely described as those near Rp. In high-energy ion implantation this F-excess 
region exists at depths further away from the surface, and is therefore relatively 
unaffected by the surface or by the interstitials from the the end of range (EOR). 
Hence, following high-energy ion implantation, O-related F-type defects in this 
shallow region can be studied more clearly.
In the present work 0.5 MeV O-implanted Cz Si has been studied. 1 MeV 
Si-implanted Cz Si is also investigated in order to find the dependence of O- 
related F-type defects on oxygen concentration and distribution. It is found 
that F-dominated defects VmOn (m > n) form in the shallow region and O- 
dominated defects VxOy (x < y) form near Rp in both Si- and O-implanted Cz 
Si. The formation and evolution of these O-related F-type defects as a function 
of temperature are discussed in this chapter.
4.2 Experimental procedure
P doped, 2 - 4  ficm < 100 > Cz Si samples implanted with 0.5 MeV O to a 
dose of 5 xlO 15 cm - 2  and with 1 MeV Si to a dose of 1016 cm - 2  were used. The 
implantation was performed at room temperature with a tilt of 7°. The samples 
were then annealed at different temperatures with electron beam bombardment 
in vacuum. The annealing time was about 10 seconds at every temperature.
Beam-based PAS was employed to measure all the as-implanted and annealed 
samples at room temperature.The variable measured by PAS is the Doppler- 
broadened line-shape parameter S  [4]. The value of S  is larger when positrons 
annihilate at vacancies than in defect-free Si. However, when vacancies are dec­
orated by oxygen, the value of S  can be reduced to below that measured in 
defect-free Si [67]. The program called VEPFIT [57] was used to analyze the 
measured S  versus incident positron energy E. In this work VEPFIT adopted a 
layer structure fitting mode in which there was a general S  parameter for each 
layer in a sample. The general S  was the average of the measured S  values who 
were associated with a specific layer. A good and reasonable fit of the experi­
mental data gave the boundaries and general S  for each layer.
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Another program, FAST (Fractions in Annihilation STates) was also used in 
this work. FAST employs a technique also used by van Veen et al [57] in which 
three annihilation gamma spectra (i.e., the 511 keV photopeaks measured by a 
Ge detector), associated with positron annihilation at the Si/Si0 2  surface, in 
divacancies (V2) and in the Si bulk, are combined in appropriate proportions to 
fit the measured spectra from the samples. The proportion of each spectrum used 
for the fit then gives directly the fractions of positrons annihilated at the surface, 
in V2-type defects, or in bulk Si. The standard spectrum for the surface was 
obtained by calibrating the spectrum from the annihilation of 2  keV implanted 
positrons in a virgin silicon sample with natural oxide on the surface (the effect 
of epithermal positrons is negligible). The other two were recorded by implanting 
30 keV positrons into the virgin sample and 14 keV positrons into a silicon sample 
implanted with 1.5 MeV B to a dose of 1015 cm-2, for which there was saturation 
trapping of positrons in V2 defects [6 8 ], respectively.
4.3 R esults and discussion
The positron measurements for Si- and O-implanted Cz Si samples are shown 
in Figures 4.1 and 4.2, respectively. The S  parameters presented here have been 
normalized with respect to that for the bulk (defect-free layer) of these samples 
for which the S  is thus 1 . It can be seen that in the as-implanted samples the 
values of S  are exclusively larger than 1 except for those near the surface (low 
E ), which are lowered by the presence of oxide at the surface. This means that 
there are V-type defects in the as-implanted samples, and that their distribution 
extends to depths such that the values of S  at E  =  30 keV (corresponding to a 
mean probed depth z ~  4 fim, according to the expression z(nm) =  17i?(keV)1,6) 
are still larger than 1 . Such a deep distribution of defects is a natural result of 
high-energy ion implantation, and has been observed in previous work [50, 69, 70].
Figures 4.3 and 4.4 show the fitted S  values characteristic of each layer in 
Si- and O-implanted samples, respectively. The distributions of ions in the as- 
implanted samples predicted by the simulation code TRIM [22] are also included. 
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Figure 4.1: S  parameter versus incident positron energy measured in Si-implanted 
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Figure 4.2: S  parameter versus incident positron energy measured in O-implanted 
Cz Si (0.5 MeV, 5 x 1 0 15 cm-2) after implantation and annealing at different 
temperatures.
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characteristic of V2 with our slow positron beam [6 8 ]. Therefore, it is considered 
that V2 are the dominant F-type defects in O and Si as-implanted samples, 
and that the saturation of positron trapping in V2 is reached owing to the high 
implantation doses.
In the Si-implanted sample S(E)  (Figure 4.1) does not change until the 
temperature reaches 400 °C. The first change is seen only in the region beyond 
Rp (1300 nm). It is well known that in Cz Si V2 are annealed out at ~  250 °C to 
form V2 O. At ~  400 °C these form V3 O or V2O2 , which at 440 °C form V3O2 , and 
which finally at 475 °C change to more advanced complexes [71]. It is believed 
that in our Si-implanted sample V2 mainly evolve to V3O in the region < ~  1600 
nm at 400 °C. The positron lifetime in V3O (325 ps) is close to that in V2 (320 ps) 
[71], and it is supposed that their corresponding characteristic S  values may also 
be very similar. Therefore, the S  curve is not changed by this evolution in the 
region < ~  1600 nm. It is clear in the raw data of Figure 4.1 that S  decreases in 
the tail of the S  curve at 400 °C, and this is confirmed in Figure 4.3, which shows 
that the value of S  drops to unity between 1600 and 2000 nm. It is known that 
the region beyond Rp is I - rich. The annealing of vacancies depends strongly on 
the injection of interstitials from EOR [72]. Therefor we propose that, between 
1600 and 2 0 0 0  nm, I-V2 combination, rather than the evolution of V2 into V3 0, 
is dominant at 400 °C. The consequent disappearance of vacancies results in the 
decrease in S.
The situation is different in the O-implanted sample; the much higher oxygen 
concentration (predicted by TRIM to reach around 2 x 102ocm - 3  - Figure 4.4) 
means that beyond Rp evolution of V2 to more complex defects outweighs the 
recombination with interstitials. Oxygen is ready to react with vacancies to form 
O- V  complexes, to which more vacancies or oxygen tend to adhere. It is seen in 
Figs. 2 and 4 that 7-V2 recombination is not dominant in the region beyond 1250 
nm until the temperature reaches 500 °C, which is consistent with Fujinami’s 
work [50]. At shallower depths V2 can evolve to complexes more advanced than 
V3O2 (Figure 4.4), apparently with a characteristic S  slightly larger than that 
for V2 . After annealing at 600 °C, the tail of S  curve (Figure 4.2) continues to 
decrease, and the boundary between the bulk and the defective layer shrinks to 
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Figure 4.3: The change of general S  with depth in Si-implanted Cz Si (1 MeV, 1016 
cm-2) for the as-implanted sample and after annealing to different temperatures, 
obtained from the fitting program VEPFIT. The implanted Si ion distribution, 
as calculated by the code TRIM, is also shown.
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Figure 4.4: The change of general S  with depth in O-implanted Cz Si (0.5 MeV, 
5  x 1 0 15 cm-2) for the as-implanted sample and after annealing to different 
temperatures, obtained from the fitting program VEPFIT. The implanted O ion 
distribution, as calculated by the code TRIM, is also shown.
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remains nearly the same as that at 500 °C, suggesting that V2 evolve to similar 
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Figure 4.5: The fraction of positrons annihilated in the surface-like state for O- 
implanted Cz Si (0.5 MeV, 5 x 1015 cm-2) obtained from the program FAST. 
The solid lines are used to guide the eye.
The insights into the formation of VxOy (x < y) in the O-implanted sample 
can be gained from the results of FAST fitting (Figure 4.5). Here the fraction of 
positrons f s annihilated in a surface-like state is plotted against incident positron 
energy. Although the F-type defects are not V2 exclusively, as assumed by FAST, 
the trend of the change of f s is reliable. It is interesting that for annealing 
temperatures between 500 and 700 °C f s are not zero at E  ~  14 keV (mean 
probed depth ~  1000 nm). This does not indicate annihilation at the real surface; 
rather, that there are surface-like sites at depth ~  1 0 0 0  nm (~  Rp), where the 
oxygen concentration is so large that oxygen atoms react with V2 to form O- 
dominated clusters which are more advanced than the O- V complexes produced 
in the shallower region. These defects behave as positron traps in a way similar 
to the O-related surface state. However, the effect on S  of this cluster formation 
is too small to be seen in the VEPFIT results (Figure 4.4) for the O-implanted 
sample annealed at 500 and 600 °C.
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Figure 4.6: The fraction of positrons annihilated in the surface-like state for Si- 
implanted Cz Si (1 MeV, 1016 cm-2) obtained from the program FAST. The solid 
lines are used to guide the eye.
When the Si-implanted sample is annealed to 800 °C, the defective layer 
continues to shrink (Figure 4.3). W ith the increase of temperature, besides the 
diffusion of interstitials from EOR, the diffusion of implanted Si ions, most of 
which are located around Rp, also happens [73]. Both of them can make the 
value of S  decrease to be about 1 via the annihilation of vacancies. Therefore, it 
is seen that the boundary of defective layer decreases to ~  900 nm at 800 °C. In 
addition, the value of S  in the shallow region is observed to increase significantly 
at 600 and 700 °C (Figures 4.1 and 4.3). This implies that V2 evolve to advanced 
V -0  complexes and finally agglomerate to form VmOn (m > n ), escaping the 
recombination with interstitials from Rp. It is also shown that the value of S  in 
the region between 750 and 950 nm is much smaller than that in the shallower 
region at 700 °C (Figure 4.3). Figure 4.6 shows f s for the Si-implanted sample. It 
is seen that a broad peak appears at high incident positron energies at 700 °C. As 
in O-implanted sample, it is believed that VxOy are formed between 750 and 950 
nm. In this region VmOn are produced which then react with silicon diffusing from 
the Rp region to be transferred to VxOy. Apparently, not all VmOn are changed 
here so that the value of S  is not decreased to be smaller than 1 . Despite the
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similarity between the reactions in the shallow region at 600 °C and 700 °C, the 
reaction near Rp is dominated by V -I  recombination, which accounts for the 
absence of f s signature at high energies in Figure 4.6 for temperatures below 
600 °C. At 800 °C the second defective layer (Figure 4.3) becomes shallower 
and wider and its S  continues to decrease. This implies that silicon ions can 
travel further toward the surface to transfer a part of VmOn to VxOy. This agrees 
with the increase in f s in the shallower region (Figure 4.6). It can be observed 
that VmOn formed in the first ~  250 nm may also be affected by the silicon ions 
diffusing from the Rp region at 800 °C (Figure 4.3). The point is that the arriving 
silicon ions are limited so that few VxOy are produced.
At 700 °C in the shallow region in O-implanted Si V2 evolve to advanced V- 
O complexes and agglomerate to form VmOn, resulting in a significant increase 
in S  (Figures 4.2 and 4.4). It is interesting that the biggest values of S  for 
VmOn appear at 700 °C for both Si- and O-implanted samples, signifying that 
VmOn are formed most effectively at 700 °C, while the maximum S  for the latter 
is smaller because of the much higher oxygen concentration (Figures 4.3 and 
4.4). This also proves that these vacancy-type defects are oxygen related in the 
shallow region. In addition, a higher oxygen concentration appears to results 
in the formation of more advanced VmOn, which has higher activation energy. 
Therefore, the temperature is higher for the commencement of VmOn formation 
in the O-implanted sample (700 °C) than in the Si-implanted sample (600 °C).
It is evident that f s measured around 14 keV increases significantly at 700 °C 
in the O-implanted sample in Figure 4.5; here the two defective layers model 
works well. This implies that the formation of VxOy at 700 °C is more efficient 
than at 500 and 600 °C, so that the reduction in S is large enough to be seen by 
VEPFIT. At 700 °C a change similar to that in the shallow region occurs near 
Rp, except that many more oxygen atoms are involved. Hence VxOy are formed, 
rather than VmOn, reducing the value of S  to below 1 (Figure 4.4). The boundary 
between the VxOy and the bulk is determined from VEPFIT to be at 700 nm, 
which is shallower than that at 800 °C (820 nm). This result may be not reliable 
because the S  for the VxOy layer is very close to 1 .
The value of S  for the VxOy layer decreases to be far below 1 when the
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O-implanted sample is annealed at 800 °C (Figure 4.4). Moreover, this layer ex­
tends towards the surface. These observations are consistent with the significant 
increase of f s measured around 10 keV (Figure 4.5). At 800 °C the concentration 
of oxygen in the region between 350 and 820 nm increases owing to the diffusion 
of oxygen from the region around Rp [74]. This gives rise to an increase in the 
y:x in VxOy, resulting in a value of S  much smaller than 1 . The change of the 
boundary between defective and defect-free layer from 500 to 800 °C also benefits 
from the diffusion of interstitials from EOR, similar to the situation at 500 °C.
After annealing at 800 °C, the value of S  in the first 340 nm decreases in 
O-implanted Si compared with 700 °C, which is the same as that in Si-implanted 
silicon. It is proposed that the ratio of oxygen to vacancy in the O -V  defects 
increases, as near Rp, as a result of the diffusion of oxygen from around Rp. The 
increase in this ratio is also made apparent by the increase in f s at E  below 8 
keV from zero to ~  0.4(Figure 4.5). The effective positron diffusion length in 
the first 340 nm is ~  56 nm, and the fraction of positrons implanted at 8  keV 
which diffuse back to the real surface is expected to be negligibly small. Hence, 
the above-mentioned increase in f s must be linked to the effect of oxygen in the 
defects.
In addition, it should be noted that the decrease in S  is more significant in 
the O-implanted sample than in the Si-implanted sample, due to the different 
formation mechanism of O-related F-type defects at 800 °C. In the Si-implanted 
sample interstitials reduce the number of vacancies in these defects, but the con­
sequent decrease in S  is tempered by the parallel decrease in the specific trapping 
rate associated with the defects. In the O-implanted sample the number of oxy­
gen atoms in the defects is increased without significantly decreasing the specific 
trapping rate and, because positrons see more oxygen atoms, a substantial de­
crease in S  is observed. This also explains the large increase in f s in the shallow 
region at 800 °C in O-implanted Si (Figures 4.5 and 4.6).
When the O-implanted sample is annealed at 900 °C the values of S  in 
both defective layers are reduced to well below 1 (Figures 4.2 and 4.4). It is 
believed that the profile of oxygen becomes less sharp because of the diffusion of 
implanted oxygen. The oxygen concentration in the near surface region (< 390
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nm) is increased enough to produce Vx0 y. However, the oxygen concentration 
between ~  390 and 700 nm is bigger after all because of the proximity of Rp, 
this introduces a larger y:x ratio in the resultant defects, and hence smaller S 
than at < 390 nm (Figure 4.4). The formation of VxOy in the entire first 700 nm 
increases f s measured at < 9 keV significantly (Figure 4.5).
The boundary between the defective and defect-free layers is closer to the 
surface than at 800 °C (Figure 4.4). This is due to the recombination between 
vacancies and interstitials from the EOR. It is supposed that more interstitials 
can be injected and they can travel a longer distance at 900 °C.
It is shown that the layer between ~  300 and ~  900 nm is also characterized by 
an S  smaller than 1 when the Si-implanted Si is annealed at 900 °C (Figure 4.3). 
It is believed that interstitials, whose concentration is increased significantly by 
the diffusion of implanted Si, can transfer VmOn, which are formed at ~  700 °C, to 
VxOy in this layer at 900 °C. A smaller decrease is seen in S  for the layer between 
~  60 and 300 nm, to a value still larger than 1, because a smaller number of 
interstitials diffuse to this shallower region. The significant effect of oxygen in 
the defects on positron annihilation is illustrated by the great increase in f s in 
the shallow region between 800 and 900 °C (Figure 4.6). It can be also seen in 
Figure 4.3 that the value of S  for the first ~  60 nm is much smaller than 1 ; it is 
likely that defects in this layer are associated with oxygen from the surface.
After annealing at 950 °C, S  for the regions shallower than ~  900 nm exclusively 
increase in Si-implanted sample (Figure 4.3), implying that the all the O-related 
F-type defects begin to dissociate at this temperature. The first defective layer, 
whose width is smaller than ~  30 nm, is not shown in Figure 4.3. Oxygen atoms 
released following dissociation do not trap positrons effectively. Vacancies from 
the dissociation recombine with interstitials, whose concentration is mainly de­
termined by the redistribution of implanted Si ions. Most of vacancies in the first 
450 nm can escape the recombination with interstitials because of the low con­
centration of the latter, and hence S  increases in this region. However, between 
450 and 750 nm a fraction of the vacancies from the dissociation recombine with 
interstitials, and so a somewhat smaller increase in S  is observed. In Figure 4.5 it 
is clear that the values of f s at 1 2  and 14 keV at 950 °C are very close to those at
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900 °C. Given the Makhov distribution of positrons and the much smaller f s in 
the shallow region compared with those at 900 °C. It is believed that the values 
of f s measured around 12 and 14 keV are actually larger than those measured 
at 900 °C. The region associated with these larger f s is estimated to be around 
900 nm. It is considered tha t oxygen clusters are formed in this region because 
high-concentration interstitials annihilate nearly all the vacancies so that the re­
leased oxygen atoms can migrate easily to agglomerate. However, the region is 
so narrow that it can’t be demonstrated by VEPFIT.
It is presumed that VxOy also begin to dissociate at 950 °C in the O-implanted 
sample. Figure 4.4 shows that only one defective layer, with an S  smaller than 
1 , exists between ~  700 and 800 nm after annealing at 1100 °C. This layer is 
beyond the two defective layers at 900 °C; this suggests that most of VxOy in 
the first ~  700 nm have dissociated. The residual defects are responsible for the 
non-zero values of f 3 measured at from ~  4 to 8  keV (Figure 4.5). It is well known 
that oxygen precipitates grow effectively at a high temperature like 1050 °C [75], 
and we suppose that some defects in the region between ~  700 and 800 nm, 
probably surviving vacancies, can facilitate the nucleation of oxygen precipitates 
at 1100 °C. The precipitates give rise to an S  smaller than 1 (Figure 4.4) and the 
high f s measured at 10 keV (Figure 4.5). It is evident that oxygen precipitates 
do not appear beyond ~  800 nm although there is high oxygen concentration 
around Rp, because of the shortage of nuclei (the vacancy concentration is too 
low close to EOR). During the formation of oxygen precipitates interstitals may be 
emitted because of the relaxation of stress [76]. The vacancies resulting from the 
dissociation of VxOy in the first 700 nm can annihilate with the interstitials from 
both oxygen precipitates and the EOR or just diffuse out at 1 1 0 0  °C. However, 
the oxygen concentration is not enough to make precipitates grow effectively in 
the first 700 nm, as happened in the region closer to Rp, and hence the value of 
S  becomes nearly 1 .
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4.4 Conclusion
High-energy O- and Si-implanted Cz silicon samples have been studied by PAS. 
The evolution of V2 to V -0 complexes is out competed by V-I  recombination at 
400 and 500 °C in the Si- and O-implanted samples; the higher oxygen concen­
tration makes the latter temperature higher. The defective region shrinks as the 
annealing temperature increases as interstitials are injected from the EOR. VmOn 
(m > n) are formed in the shallow region most effectively at 700 °C for both Si 
and O implantation. VxOy (x < y) are produced near Rp by the annealing. At 
800 °C implanted Si ions diffuse and reduces m, and implanted O ions diffuse and 
increases n in VmOn. All O-related T-type defects appear to begin to dissociate 
at 950 °C, with the probable formation of oxygen clusters. At 1100 °C oxygen 
precipitates appear to form just before Rp in O-implanted silicon.
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Chapter 5
Effect of Vacancies on the  
Behaviour of Fluorine in Silicon
5.1 Introduction
An incomplete picture of the basic behaviour of F in Si blocks the realization of 
its full potential in microelectronic technology, although it has been incorporated 
in Si in several device processes [77, 78, 79]. The incorporation of F is usually 
realized by ion implantation. The threshold dose of F to amorphize Si is 1 0 15cra-2. 
F is mobile only above 550 °C in both crystalline and amorphized Si. A strong 
surface-oriented diffusion has been observed in the former and, in the latter, 
F additionally accumulates at the amorphous-crystalline interface and in the 
extended interstitial(/)-type defects beyond the amorphous layer [80, 81]. By 
implanting high-dose B F 2 to obtain a region of high-density interstitials at the 
end-of-range (EOR) of implantation, Park et al. [82] proposed an interstitialcy 
mechanism of F diffusion with an activation energy (Em) of 0.16 eV; this small 
E m implies transient diffusion of simple I -F complexes. However, to date no 
unambiguous evidence has been gathered to demonstrate the effect on F diffusion 
of the other kind of damage induced by implantation, the vacancy (V). Szeles et 
al. [83] studied this using positron annihilation spectroscopy (PAS) [2 ]. However, 
no convincing model was presented because the low densities of F in their samples
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gave no measurable PAS signature.
5.2 Experim ental procedure
Implantation of F at high energy (0.5 MeV) and dose (5 x 1015cra-2) produced 
a large number of vacancies in a wide region below the surface, separated from the
1-rich region at EOR [84, 85], so that the effect of implantation-induced defects 
on F could be studied. Implantation of < 100 > Czochralski (Cz) Si (P doped,
2 - 4  Qcm) was carried out at a tilt of 7°at room temperature at the University 
of Surrey Ion Beam Centre. The implanted samples were heated in vacuum 
by electron beam bombardment at 400 and 700 °C, being below and above the 
previously suggested critical temperature for F diffusion, for times ranging from 
30 s to 125 h. Beam-based PAS and secondary ion mass spectroscopy (SIMS) 
were used to measure the as-implanted and heated samples. The as-implanted 
sample and that heated at 700 °C for 125 h were examined by cross-section 
transmission electron microscopy (XTEM). XTEM showed that the as-implanted 
sample remained crystalline although the dose was higher than the threshold value 
previously reported; this is due to the high implantation energy used here.
5.3 Results and discussion
Figure 5.1 shows the PAS results for the as-implanted sample and those 
annealed at (a) 400 °C for up to 67 h and (b) 700 °C for up to 125 h. The 
trapping of positrons at V-type defects leads to a higher Doppler-broadened 
line-shape parameter S  defined as the central fraction of the annihilation line, 
compared with that for the defect-free lattice sites. The S  values presented here 
have been normalized with respect to that for a bulk virgin Si sample for which 
S  is thus 1. The mean depth sampled by implanted positrons is determined 
by their incident energy E  (keV), and is ~  17E1'6 (nm). Figure 5.2 shows the 
F profiles in the as-implanted and annealed samples measured by SIMS. The 
implantation range (Rp) of 0.5 MeV F is ~  0.9 /mi. By fitting the PAS data
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Figure 5.2: F profiles measured by SIMS in the as-implanted sample and those 
annealed at (a) 400 and (b) 700 °C.
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using VEPFIT [57] we find that the vacancy distribution ends at around 2.3 //m; 
such an abnormally deep distribution of vacancies has been observed previously 
[69]. It is believed that F atoms react with interstitials effectively during ion 
implantation; this allows the survival of most of the vacancies, which can then 
migrate over long distances.
The peak value of S  in the as-implanted sample is 1.042, characteristic of 
the divacancy (V2) with our PAS setup [6 8 ]. It is reproducibly found that a 
dip appears around 1 1  keV (Figure 5.1) in the S  curve for the as-implanted 
sample, which corresponds to the region close to Rp . This dip becomes obvious 
when compared with O implantation with the same implantation energy and 
dose, illustrated in Figure 5.3. Allowing for the similarity of mass of O and F, 
nearly the same defects should be introduced by implantation. However, the 
signal around 11 keV is quite different. It is well known that F and O reduce S 
when they are associated with vacancies because of the large momenta of their 
outermost-shell electrons [8 6 , 67, 50]. Clearly, the effect of F on vacancy in as- 
implanted Si is more significant than that of O so that its signal is observable even 
with a single detector (the impurities associated with vacancies are usually only 
observed by a two-detector coincidence setup of PAS [87]). The argument that 
the dip is real and introduced by F is also supported by the gamma ray energy 
spectrum. Figure 5.4 shows the spectra divided by that for pure Si for several 
kinds of ion implantation into Si. The sensitivity to the presence of F, associated 
with positron annihilation with its high-momentum outermost-shell electrons, is 
evidenced by the unique bump at the high-momentum side (high channel number 
side) compared with other ion implantations including O. Therefore, we conclude 
that F has already decorated some vacancies around Rp because of the high F 
concentration there.
Figure 5.5 shows the changes in general S  obtained by fitting the data of 
Figure 5.1 (a) in regions I (0 - 0.5 //m), II (0.5 - 1.1 fim) and III (1.1 - 1.8 fim) 
with time at 400 °C until equilibrium is reached after 43 h. It is interesting that 
there are still vacancies in the region beyond Rp although there is shrinkage from
2.3 to 1.8 /j,m during heating. SIMS shows that the F concentration is much less 
than 1 0 18cm - 3  beyond 1.8 fim in the as-implanted sample (Figure 5.2 (a)). This 
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Figure 5.5: The change of general S  values obtained from VEPFIT in different 
regions during annealing at 400 °C. The error bars are smaller than the symbols. 
The solid lines are used to guide the eye.
I -F complexes) rather than the formation of V-F complexes.
The formation of V-F complexes in region II is evidenced by the clear decrease 
of S  (Figure 5.5). In contrast, the S  values in region I and III increase to be 
between 1.046 and 1.057, characteristic of trivacancy (V3) and quadrivacancy (V4), 
respectively, in the first 8.5 minutes. The dominance of vacancy agglomeration 
up to the size of V4 is a consequence of the lower F concentration in these two 
regions (Figure 5.2 (a)). After 8.5 minutes the S  values in regions I and III begin 
to decrease. It is known that defect agglomeration usually proceeds via Ostwald 
ripening [8 8 ], in which dissociated components from small defects move to big 
ones to make them bigger. We believe that some of the dissociated vacancies can 
be lost to the surface from region I and to the bulk from region III. The effect 
of the loss of vacancies outweighs that of the increase of defect size, and so S 
decreases in these two regions after 8.5 minutes. Because of the high implantation 
energy, the vacancy distribution can be regarded as uniform in the F-rich region 
[89], and a V2 concentration of ~  8.5 x 1018cra- 3  in the region < 1.1 fim can be 
estimated with VEPFIT from PAS in the as-implanted sample. It is clear that the
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F concentration is higher than the vacancy concentration in region II. We believe 
that F-dominated V-F complexes are produced so that the S  value becomes 
smaller than 1 after a long annealing time. In region I, however, V-dominated 
V-F complexes are formed. Hence, the S  value in this region is always larger 
than 1. Region III is I -rich because it is well beyond Rp; it is supposed that 
some isolated F is left after the formation of I -F complexes in this region in the 
as-implanted sample; and that this initiates the formation of V-dominated V-F 
complexes, out-competing the V-I  reaction (I being mainly in 7-F complexes) 
at 400 °C. S  is thus still larger than 1 even after a long annealing time. The 
existence of V-F complexes in region III, again, implies that F can prevent V-I  
recombination by forming complexes.
Figure 5.2 (a) shows that after 67 h annealing at 400 °C the F concentration 
below ~  1 .1  fim is appreciably unchanged, consistent with the earlier observations 
that implanted F does not diffuse below 550 °C. This apparently contradicts the 
PAS results described above, i.e., that F migrates to form V-F complexes. Em 
values of 0.6 - 1.6 eV for interstitial F[90], and 1.3 eV for V2 [91] mean that they 
both can diffuse at 400 °C. However, they trap each other to form V-F complexes 
once they meet. In region II, for example, the F concentration is ~  1020cm - 3  and 
the mean distance between F and V2 is estimated as 2.4 nm. It is considered that 
F travels less than this distance to react with V2 . This is a quick stage, illustrated 
by the significant decrease in S  after the first 30 s annealing at 400 °C (Figs. 1
(a) and 3). After that the agglomeration of V-F complexes takes place slowly via 
Ostwald ripening, and S  changes very slowly with time in region II. The distance 
travelled by the simple V-F complex lies between 2 and 5 nm. The best depth 
resolution of modern SIMS is ~  3 nm (more generally 1 0  nm)[92], and so it is 
not able in this case to demonstrate F migration at 400 °C. Assuming a random 
walk mechanism we estimate that E m for simple V-F complexes is 2.12 ±  0.08 
eV with the expression N  = vtexp(-Em/ k T ), where N  is the jump number given 
by (R / d ) 2 (R is the diffusion distance and d is 0.23 nm, the nearest neighbor 
distance in Si), v is the Debye frequency (~  1013 Hz) and t is the migration time 
(43 h). It is clear that F diffuses in the V-rich region in the form of simple V-F 
complexes, i.e., via a vacancy mechanism, although the higher E m of these V-F 
complexes makes F less mobile than in the interstitial state.
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It is seen in Figure 5.2 (a) that the F concentration beyond ~  1.1 /im de­
creases somewhat after 67 h annealing at 400 °C. In region III simple 7-F com­
plexes, which are formed either in the as-implanted sample or during the Ostwald 
ripening of 7-type defects, diffuse into the bulk to cause the F concentration to 
decrease.
The PAS results for annealing at 700 °C for up to 125 h are shown in Figure
5.1 (b). After 30 s it is found from VEPFIT that the V-type defects disappear 
in the region beyond ~  1 /mi. This is a more significant shrinkage than at 
400 °C, suggesting that V-I  recombination is significantly enhanced at 700 °C 
even though a comparatively high F concentration exists.
After 30 s annealing a large decrease of S  appears at about 11 keV. VEPFIT 
shows that the general S  in the region from 0.5 to 1 fim becomes smaller than its 
equilibrium value in this region after annealing at 400 °C. This implies significant 
formation of advanced F-dominated V-F complexes in this region. F can travel 
farther at 700 °C than at 400 0C, and the change of F profile is clearly seen by 
SIMS. In the region shallower than 0.5 /mi, however, S increases and, as in the 
initial stage of annealing at 400 °C, V2 agglomerate up to the size of V4.
After 8.5 minutes annealing at 700 °C, the shallow region is shown by VEPFIT 
to contract to ~  0.4 //m and its S  increases to between 1.057 and 1.068, charac­
teristic of V4 and V5 , respectively, suggesting that the defects up to the size of V5 
are formed. W ith time the agglomerates grow and the vacancy density decreases 
in an Ostwald ripening process. S  in the shallow region decreases although there 
is no change in F concentration after 1 h annealing. The S  value for the shallow 
region would not become smaller than 1 if only vacancies were lost. F migrating 
from around Rp introduces a further decrease in S. Therefore, the widening of 
the region with a low S  is observed, which is illustrated by the motion of the dip 
of S  curve from the original ~  11  to ~  8  keV after 43 h annealing (Figure 5.1
(b)). It is seen in Figure 5.1 (b) that after 90 h there is no more change in the S 
curve and F ceases to migrate (otherwise, S  would continue to decrease to be at 
least the value seen at E  ~  7 keV). The Ostwald ripening of agglomerates in the 
shallow region is also thought to be completed at 90 h. The flat part of S  curve 
after 90 h corresponds to the first ~  0.4 /mn in the sample. This is consistent
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with the rather uniform distribution of vacancies in the shallow region and the 
small F concentration gradient there after a long annealing time (Figure 5.2 (b)).
Figure 5.6: XTEM image of the annealed F-implanted Si (700 °C, 125 h). The 
upper limit of F precipitates is at 0.75 fim depth.The top-band precipitates de­
velop from F-type defects. The bottom-band precipitates develop from /-type 
defects.
Figure 5.6 shows the XTEM image of the sample annealed at 700 °C for 125 h. 
It is clear that there are two bands of F precipitates formed in this sample whose 
locations are consistent with those of two main SIMS F peaks shown in Figure
5.2 (b). F precipitates can be developed from both F- and / - type defects. F-F 
complexes formed around Rp (0.75 - 1 \im) can act as the nuclei of F precipitates. 
The other F peak, in the I -rich region from 1 - 1 . 3  /im, appears after only 1 h 
annealing. Extended /-type defects such as {311} are generated at EOR at 
700 °C[93], and these serve as the nuclei of F precipitates. Between the two 
bands of F precipitates the numbers of F and /  are closely matched, so that 
during annealing mutual annihilation leaves very few F- or /-type defects to act 
as the nuclei of F precipitates.
The F concentration beyond ~  1 fim decreases with time during annealing at 
700 °C(Figure 5.2 (b)). {311} defect formation is also a process of Ostwald 
ripening, in which dissociated simple I -F complexes diffuse quickly into the bulk. 
The extended /-type defects act as nuclei for F precipitates. Fast-diffusing I -F 
complexes can also be released during the formation of F precipitates to relax 
the stress, analogous to the formation of O precipitates [76].
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Compared with the decrease of F concentration in the area where F precipitates 
are developed from I -type defects, the increase of F concentration around 0.95 
/im after 125 h annealing (Figure 5.2 (b)) indicates the F-type defects attract 
F atoms much more effectively than I -type defects as nuclei of F precipitates. 
Vacancies can reduce the stress induced by the formation of F precipitates so 
that it is easier for them to grow from F-type defects. This also explains why, in 
addition to the initially higher F concentration, there is a much higher density of 
F precipitates in the band between 0.75 and 1 fim (Fig. 5-6).
Although vacancies can help relax stress during F precipitation, interstitials 
may still be emitted in this process. It is found in Figure 5.2 (b) that there is a 
loss of F (e.g., ~  20% after 4 h) in the F-rich region before 90 h at 700 °C. The 
increase of F concentration in the formation area of F precipitates cannot account 
for all the loss. We consider that a part of the lost F diffuses out of the surface 
in the form of simple I -F complexes, in which interstitials are emitted from F 
precipitates developed from F-type defects. Owing to the transient diffusion of 
simple 7-F complexes, no change of F concentration is induced in the near-surface 
region.
The story of F diffusion in the F-rich region at 700 °C is clearly different from 
that described above. It is seen in Figure 5.2 (b) that, in addition to migrating to 
F precipitates at ~  0.95 /im, F diffuses from the high-concentration region near 
Rp towards the surface, consistent with the change of S  shown in Figure 5.1 (b). 
As at 400 °C we obtain that E m of F in the F-rich region is 2.19 eV assuming 
F at 0.9 jim takes 90 h to reach the surface; this falls into the range obtained 
before, leading to the conclusion that F also diffuses via a vacancy mechanism 
here.
The absence of defects seen by XTEM at < 0.75 //m means that the defects 
inducing the low S  values in this region are F-F  clusters whose sizes are below 
the threshold of XTEM visibility.
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5.4 Conclusion
F retards V-I  recombination in Si. F diffuses in the F-rich region via a 
vacancy mechanism. The loss of F in the I -rich region and a part of that in the 
F-rich region can be explained by the transient diffusion of simple 7-F complexes. 
After a long annealing time at 700 °C F precipitates are developed from both F- 
and I -type defects. It is hoped that the basic insights gained here will contribute 
materially to the development of useful F-reiated structures.
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Chapter 6
Characterization of the  
n c-S i/S i0 2  Interface region 
during the Agglom eration of 
nc-Si
6.1 Introduction
The study of nanocrystalline Si (nc-Si) is an active field of research because of 
applications in advanced electronic and optoelectronic devices. Several methods 
have been used to fabricate nc-Si, including embedding nc-Si in a SiC>2 matrix 
by ion implantation or by chemical vapor deposition, which is promising owing 
to its compatibility with present ultra-large scale integration (ULSI) technology. 
Visible luminescence from this system was first observed by Shimizu-Iwayama et 
al [94], and the recent achievement of optical gain in both waveguide and trans­
mission configurations implied the possibility of the fabrication of Si lasers [95]. 
While it is generally accepted that the band gap of Si widens as a result of quan­
tum confinement, which causes the blueshift of photoluminescence (PL) for Si 
crystallite size below 5 nm[96], it is also believed that the interface between nc-Si 
and Si0 2  plays a role in the radiative emission of nc-Si, especially when its size
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is smaller than 3 nm[97]. Therefore, it is desirable to pay close attention to the 
interfaces associated with nc-Si.
Positron annihilation spectroscopy (PAS) with a slow positron beam has 
demonstrated its power in the investigation of the interface between Si0 2  and Si 
substrates[98, 3], It is known that positrons can be easily trapped at open-volume 
defects as a result of the missing positive-ion cores at these defects. This trapping 
usually gives rise to a narrowing in the annihilation gamma energy spectrum, 
which is characterized by a higher S  parameter compared with that for positron 
annihilation in defect-free sites. Here S  is defined as the central fraction of the 
annihilation spectrum[4]. However, S  is also sensitive to the impurities such as 
hydrogen[99, 100], oxygen[67, 50], fluorine[86, 101] and nitrogen[3]; when they 
decorate the open-volume defects in semiconductors, smaller S  values may be 
observed instead. In this work PAS and PL are employed to study the interface 
between nc-Si and SiC>2 . Changes of the interface region during the agglomeration 
of nc-Si in SiC>2 in different atmospheres are elucidated.
6.2 Experimental procedure
500 nm thick SiC>2 thermally grown in dry oxygen on a (1 0 0 ) Czochralski (CZ) 
Si substrate (p-type, 10 Q, • cm) was implanted to a dose of 1 .6  x 1 0 17cm - 2  with 150 
keV Si+. The implantation energy and dose were intentionally selected to produce 
a similar Si+ distribution to that in [95]. The sample was then annealed at 1 1 0 0  °C 
for 1 hour in nitrogen to produce nc-Si dispersed in SiC>2 . The nanocrystals are 
~  3 nm in diameter on average with a concentration of 2  x 1019cra- 3  in a region 
centered at a depth of ~  200 nm from Si0 2  surface[95]. The PL spectrum of 
the as-formed nanocrystals has a peak at 800 nm, as in [95], demonstrating the 
similarity of the present nanocrystals to those in [95]. Further annealing of this 
sample was carried out between 400 and 900 °C for 30 minutes in nitrogen, 
oxygen and vacuum. In the former two a furnace with flowing gas was used. In 
the latter electron bombardment was employed at a pressure of ~  5 x 10- 6  Torr. 
PAS and PL were used to measure these annealed samples. Our PAS is based 
on a slow positron beam, whose maximum energy is 30 keV[102], corresponding
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to a mean depth of 4 fim. PL measurements were made at room temperature 
using a photomultiplier detector; excitation was via the 514 nm line of an argon 
laser at a power ~  100 mW and a beam diameter ~  0.5 mm. The luminescence 
was measured with a Spex spectrometer with a slit width of 600 fim in the range 
580 - 910 nm. Experimental conditions such as laser power and orientation with 
respect to the laser beam and spectrometer were kept constant as far as possible. 
A correction was necessary to account for the wavelength dependent response of 
the system. This was done by measuring spectra of a constant power tungsten 
lamp and comparing the measured spectra with its calculated spectra[103]. The 
apparent temperature of the tungsten lamp was measured using a pyrometer with 
a red filter.
6.3 Experimental results
6.3.1 Annealing in nitrogen
Figure 6.1 shows the change of the PL spectra from these nanocrystals after 
annealing at 700 and 900 °C in nitrogen, respectively. The PL spectrum of the 
sample after 400 °C annealing is essentially the same as that of as-formed sample, 
and so is not shown. After 700 °C annealing the position of the PL peak remains 
the same, but the short wavelength side becomes wider. A small redshift is 
observed after 900 °C annealing. It is assumed that the luminescence from the 
as-formed sample derives from both quantum confinement and interface state 
radiation because the sizes of nanocrystals are not uniform and their average size 
(3 nm) is on the boundary between the two mechanisms[97].
PAS results for the samples annealed in nitrogen are shown in Figure 6 .2  (a). 
The S  curves for the virgin Si0 2 /Si and high temperature annealed ( 1 1 0 0  °C, N 2) 
Si0 2 /S i are also included for comparison. All the S  values presented here have 
been normalized with respect to that for the defect-free Si bulk. The interface 
between SiC>2 and Si substrate is indicated by a dip at ~  7 keV in the S  curve 
for the virgin SiC>2 /Si, which corresponds to a mean depth of 386 nm. The dip
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Figure 6.1: PL spectra of the as-formed sample and those annealed at 700 and 
900 °C in nitrogen.
66
can be explained by the residual hydrogen at the interface region[104]. Here 
the apparent position of the interface is slightly shallower than 500 nm. This 
is possibly caused by the broad positron profiling shape [98]. It is seen that S  
values (from now on S  values refer to those for the Si0 2  layer if not stated) for 
the as-formed sample are significantly smaller than those for the annealed virgin 
sample ( 1 1 0 0  °C, N2). After the sample is annealed at 400 °C, S  values decrease, 
and then remain unchanged after annealing at 550 (not shown) and 700 °C. From 
800 °C (not shown) S  values begin to recover, becoming even larger than those 
for the as-formed sample after 900 °C annealing.
6.3.2 Annealing in oxygen
Figure 6 .2  (b) shows the PAS results for the samples annealed in oxygen. As 
in nitrogen S  values decrease after 400 °C annealing. With temperature they 
continue to fall until a minimum is met at 700 °C; then as in nitrogen, S  values 
rise from 800 °C, and after annealing at 900 °C they become nearly the same as 
those for the as-formed sample.
After annealing in oxygen at 400 °C the PL spectrum shows no change, as in 
nitrogen. However, the clear PL redshifts for the samples annealed at 700 and 
900 °C in oxygen are illustrated in Figure 6.3.
6.3.3 Annealing in vacuum
The PAS results for the samples annealed in vacuum are shown in Figure 6.4. 
After 400 °C annealing S  values do not change in the S i0 2 layer. The S  values for 
the region around S i02/substrate (500 nm of mean depth), however, are reduced 
significantly. When the temperature is increased to 500 °C, these values become 
slightly smaller than those for the as-formed sample, and the change in S  for the 
S i0 2 layer is still negligible. The data for the annealing at 700 °C is similar to that 
for the as-formed sample and is not shown. The change in the S i02/substrate 
region during the present annealing is consistent with a model of interface defects
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Figure 6 .2 : PAS results of the as-formed sample and those annealed in (a) nitro­
gen or (b) oxygen. The virgin and high temperature annealed SiC^/Si samples 
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Figure 6.3: PL spectra of the as-formed sample and those annealed at 700 and 
900 °C in oxygen.
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Figure 6.4: PAS results of the as-formed sample and those annealed in vacuum. 
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Figure 6.5: PL spectra of the as-formed sample and those annealed at 400 and 
700 °C in vacuum. The sample annealed at 400 °C has been washed with acetone 
shortly before it was placed into vacuum.
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(e.g. dangling bonds) passivation by hydrogen[100]. No change in the Si0 2  layer 
indicates that the hydrogen passivation of the defects at the nc-Si/Si0 2  interface 
is negligible. This implies that hydrogen mainly enters the normal SiC>2 structure 
during the high temperature formation process of nc-Si. In addition, we find that 
S  values for both Si0 2  layer and SiC^/substrate decrease if the sample is washed 
with acetone shortly before 400 °C annealing in vacuum.
No change in PL after 400 °C annealing in vacuum is observed. However, the 
additional acetone washing induces a small redshift of the PL peak, illustrated 
in Figure 6.5. Also shown is the clear redshift after 700 °C annealing in vacuum.
6.4 Discussion
According to Brauer et aVs work[105] it is certain that the annealing in this 
work does not change the structure of virgin SiCV As mentioned before, there 
is a high concentration of residual hydrogen in the SiC^/Si interface region al­
though the sample is grown in dry oxygen atmosphere[104]. During post-growth 
annealing hydrogen diffuses towards the surface of Si0 2  so that it is nearly uni­
formly distributed in the structure of SiC>2[104]. Because hydrogen introduces 
low S  values in SiC>2[106, 48] we see a clear decrease in S  after the virgin S i02/Si 
sample is annealed at 1100 °C in nitrogen (Figures 6 .2  and 6.4).
When nc-Si is formed in SiC>2 after the same annealing, the S  values are 
further reduced (Figures 6.2 and 6.4). This is not due to the implantation-induced 
defects, which can be annealed out at 600 °C[107]. Si nanocrystals themselves 
cannot account for this decrease, either. The diffusion length of positrons in 
defect-free Si is usually 215 - 250 nm[108], which is significantly larger than the 
sizes of nc-Si in our sample. Moreover, it is known that many interfaces are 
normally introduced between the SiC>2 matrix and nc-Si. The mismatch between 
them leaves open-volume spaces (voids) in the interface regions. They naturally 
have a better ability to trap positrons than both the normal Si0 2  structure and Si, 
inhibiting the quantum confinement of positrons in nc-Si no m atter how different 
their positron affinities are[109]. Hence, the probability of positron annihilation
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inside nc-Si is negligible[110]. Nitrogen also prefers to be trapped in these voids, 
leading to larger amount of nitrogen incorporated during annealing in nitrogen 
and, therefore, smaller S  values are seen in PAS. The presence of nitrogen in a 
system of Si clusters embedded in Si0 2  has been identified by X-ray photoelectron 
spectroscopy (XPS)[111]. We should be also aware of the implantation-induced 
volume compaction in the structure of SiC>2 . This leads to the suppression of the 
formation of positronium, also contributing to the decrease of S [107].
After 400 °C annealing in nitrogen, the trapping of nitrogen in the interface 
regions is saturated. This explains why S  values decrease and then hardly change 
until 700 °C(Figure 6 .2  (a)). As in nitrogen, 400 °C annealing in oxygen intro­
duces oxygen into the voids around nc-Si. This causes the decrease of S  (Figure
6 .2  (b)), which continues until 700 °C. In contrast, 400 °C annealing in vacuum 
doesn’t introduce any impurities. It appears that the defects at the nc-Si/Si02 
interface have already been completely passivated by nitrogen from the atmo­
sphere or/and oxygen from the implantation-induced oxygen interstitials during 
the formation of nc-Si. It is supposed that the voids around nc-Si don’t trap hy­
drogen because of its small atom size and high mobility. They provide excellent 
diffusion channels for hydrogen instead. Therefore, hydrogen in the normal Si0 2  
structure is not trapped in the nc-Si/SiC>2 interface regions during 400 °C anneal­
ing in vacuum. It diffuses to the SiC^/substrate interface and is trapped by the 
interface defects there. The change of hydrogen concentration in the Si0 2  layer 
is small so that S  values remain nearly the same as the as-formed sample (Figure 
6.4). The concentration of hydrogen in the SiC^/substrate interface, however, is 
considerably increased because its width ( 1 - 2  nm)[99] is much smaller than the 
thickness of the Si0 2  layer (500 nm). This explains the decrease of S  around 7 
keV (Figure 6.4). Nitrogen and oxygen suppress the diffusion of hydrogen in the 
Si0 2  layer probably by blocking its diffusion channels. This leads to the absence 
of the decrease of S  around 7 keV after annealing in nitrogen or oxygen (Figure 
6 .2 ).
After washing the sample with acetone, the residual acetone may dissociate 
into H, O-H and C = 0  during the annealing at 400 °C in vacuum. It is supposed 
that H diffuse to the SiC^/substrate interface, inducing a further decrease in S 
around 8  keV (Figure 6.4). O-H and C = 0  could enter the structure of Si0 2  or
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the voids around nc-Si, giving rise to the decrease in S  for the SiC>2 layer.
It is reasonable to assume that the trapping of oxygen in the voids increases with 
temperature. After the annealing at 700 °C in oxygen the PL peak is broadened 
(Figure 6.3). This indicates an inhomogeneous oxidation of nc-Si[1 1 2 ]. Oxidation 
means that additional oxygen is incorporated in addition to that in the voids. 
Hence, both the larger amount of oxygen in the voids and oxidation contribute 
to the decrease of S  after 700 °C annealing (Figure 6 .2  (b).
The average size of nc-Si actually increases after the annealing at 700 °C in 
oxygen because the PL peak is redshifted (Figure 6.3). The agglomeration of 
nanocrystals and the volume increase induced by the oxidation of nanocrystals 
both make smaller interface regions, and thus smaller void volume. This weakens 
the trapping of oxygen. However, its effect on the positron measurement is not 
enough to counter the above two factors.
Agglomeration during the annealing at 700 °C in nitrogen is negligible because 
there is negligible shift of the PL peak (Figure 6.1). The widening of the short 
wavelength side of the PL peak, however, indicates more small nanocrystals are 
produced. The average distance between nanocrystals in the as-formed sample 
is estimated to be ~  0.68 nm. Assuming an activation energy of 1.9 eV and 
a pre-exponential factor of 1.29 x 1 0 19 cm2/s  for the diffusion of Si in SiC>2 
in nitrogen atmosphere[113], we find that a Si atom only travels ~  0.18 nm at 
700 °C in 30 minutes. It is supposed that via the Ostwald ripening mechanism[8 8 ] 
Si atoms dissociated from small nanocrystals do not move far enough to reach 
larger ones after 700 °C annealing in nitrogen. This causes a decrease in the size 
of small nanocrystals without any growth of the neighboring ones. Apparently, 
the increase of the void volume induced by this process is not significant enough 
to enhance the trapping of nitrogen and thus reduce S values. The difference 
in the agglomeration between nitrogen and oxygen atmosphere implies that the 
diffusion of Si in SiC>2 is slower in nitrogen atmosphere.
Now we turn to the PL results for the annealing in vacuum. It is interesting 
that a small redshift of the PL peak appears even at 400 °C after washing with 
acetone (Figure 6.5), in contrast to the annealing in nitrogen, oxygen and vac­
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uum. The unique element introduced by acetone is carbon compared with the 
others. Hence, we believe that carbon may enhance Si diffusion in Si0 2 , result­
ing the agglomeration of nc-Si at low temperature. The redshift of the PL peak 
after 700 °C annealing in vacuum is clearly larger than in nitrogen (Figures 6.5 
and 6 .1 ), again, implying the slow Si diffusion in Si0 2  in nitrogen atmosphere. 
The underlying mechanism for these different diffusion phenomena needs further 
study.
Above 700 °C in nitrogen, Si atoms can move farther so that the agglom­
eration of nc-Si takes place. This is evidenced by the small redshift of the PL 
peak after the annealing at 900 °C in nitrogen (Figure 6.1). As in oxygen, the 
broadening of the PL peak may be due to a nitridation process of nc-Si at high 
temperature. Both the size increase and nitridation reduce the interface regions 
and thus the volume of voids. Assuming that the trapping rate of nitrogen in 
voids is nearly the same as at low temperatures, the resultant decrease in the 
amount of nitrogen gives rise to the recovery of S. The reduction of positron 
trapping in the interface regions is compensated by the increase in the intrinsic 
open-volume of Si0 2  matrix. The latter is characterized by high S  values be­
cause of the probable formation of positronium[114]. After 900 °C annealing in 
nitrogen the fraction of positrons annihilated in the SiC>2 matrix becomes high 
enough to increase measured S  values to above those for the as-formed sample 
(Figure 6 .2  (a)).
On annealing at high temperature in oxygen, the enhanced Si diffusion in 
Si0 2  results in more effective agglomeration of nc-Si. This is illustrated by the 
considerable redshift of PL peak after 900 °C annealing in oxygen (Figure 6.3). 
The more significant size increase, together with the oxidation process, introduces 
a larger shrinkage of the interface regions and the volume of associated voids 
than on annealing in nitrogen. The resultant decrease of positron trapping in the 
interface regions should have led to a larger recovery of S'; however, S  values just 
recover to the level for the as-formed sample after 900 °C annealing in oxygen 
(Figure 6.2 (b)), clearly lower than those for the sample annealed at the same 
temperature in nitrogen.
During oxidation the oxidized Si can introduce a volume increase by up to
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100 %, which is ~  4 times larger than that during nitridation. We believe that 
the volume increase of nc-Si (including their oxide shells) during the oxidation at 
900 °C is so large that the intrinsic open-volume of SiC>2 matrix shrinks to relax 
the stress induced by it . This shrinkage suppresses the formation of positronium 
in spite of the increase of the fraction of positrons annihilated in Si0 2  as happens 
in the annealing at 900 °C in nitrogen, and, the increase in S  is weakened.
6.5 Conclusion
We find that nitrogen and oxygen are trapped in the voids around nc-Si 
at low temperatures. It appears that the defects at the nc-Si/Si0 2  interface 
have already been completely passivated by nitrogen and/or oxygen in the as- 
formed nc-Si sample. High temperature annealing during the formation of nc- 
Si causes hydrogen to enter the Si0 2  structure, which originally exists in the 
SiC>2 /substrate region. It diffuses back to the SiC^/substrate region in vacuum at 
400 °C because no other impurities block its diffusion channels. At temperatures 
above 700 °C, both nitrogen and oxygen react with nc-Si, resulting in a volume 
increase. This introduces stress in the SiC>2 matrix, which is relaxed by the 
shrinkage of its intrinsic open volume. Moreover, it is proposed that nitrogen 
suppresses Si diffusion in SiC>2 , so that the agglomeration of nc-Si is slower during 
the annealing in nitrogen than that in oxygen or vacuum.
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Chapter 7
D efects in GaN Films
7.1 Introduction
GaN is a very promising semiconductor material for optoelectronic and high- 
temperature electronic device applications. It is imperative that the nature of 
defects in GaN and related materials, and the mechanisms for their formation 
and evolution, should be understood clearly so that the full potential of GaN and 
its alloys can be completely realised in device structures[115, 116, 117].
Positron annihilation spectroscopy (PAS) with a slow positron beam is an 
efficient tool for the investigation of open-volume defects such as vacancies in 
semiconductors[4]. The implanted monoenergetic positrons can readily become 
trapped at open-volume defects as a result of the missing positive ion core at these 
defects. The trapping gives rise to a narrowing of the momentum distribution 
of the positron-electron pair and thus also in the annihilation gamma energy 
spectrum. The latter is characterised by a higher S  parameter (or lower W 
parameter) compared with the positron annihilation in defect-free lattice sites [4]. 
Here S (W)  is defined as the ratio of the central (wing) area to the total area 
under the spectrum. The most probable point defects in GaN are believed to be 
N vacancies ( Vw) in p-type GaN and Ga vacancies (Vca) m  n-type GaN[118]. 
Whereas positively charged Vn do not readily trap positrons, Vca can be observed
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by PAS because they are usually negatively charged[119, 120, 1 2 1 ].
Open-volume defects are deep positron traps. However, shallow positron traps, 
such as negative ions and dislocations, also exist in semiconductors[1 2 2 , 71]. Pre­
vious slow positron studies of GaN films demonstrated that the effect of shallow 
traps could be clearly seen up to 500 K[119]. In this letter we investigate the 
defect structure of GaN films grown by metal organic chemical vapour deposition 
(MOCVD) by studying the annealing behaviour from 150 to 900 °C.
7.2 Experim ental procedure
The GaN samples were grown on (0001) oriented sapphire by MOCVD at 
the University of Bath. The growth pressure was 200 mbar. Trimethyl gallium 
(TMG) and NH3 were employed as precursors and H2 as gas carrier. A ~  20 nm 
thick nucleation layer was initially deposited on the substrate at low temperature. 
400 nm undoped GaN was then grown, followed by 2 fim Si-doped n-type GaN 
at high temperature. The carrier density and Hall mobility of the as-grown 
sample were 2.2 x 1017 cm - 3  and 390 cm2V- 1s-1, respectively. The samples 
were annealed for 2  minutes at temperatures in the range from 150 to 900 °C 
with an electron beam heater in a vacuum of ~  5 x 10- 6  Pa. Slow positron 
measurements were carried out at room temperature for the as-grown sample 
and after every annealing step. In addition, a 3 fim thick lightly Mg-doped high- 
resistivity GaN film grown by MOCVD on a sapphire substrate was measured as 
a comparison.
Single-detector Doppler-broadening spectroscopy was performed using a 
magnetic-transport positron beam system[1 0 2 ].
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Figure 7.1: S parameter vs. incident positron energy for as-grown and annealed 
samples. A lightly Mg-doped sample is used as a comparison. The change of 
Sb with annealing temperature is shown in the inset, where the solid line is a 
sigmoidal fit.
7.3 R esults and discussion
Figure 7.1 shows the results of the slow positron measurements. The incident 
positron energy E  (keV) corresponds to a mean probed depth of ~  6.7F1 6 nm. 
The measured S  can be expressed as a combination of different characteristic S 
values at different positron annihilation sites. If we use Ss, Sb, Si and SslLb to 
denote S  for positrons annihilated at the surface, in bulk GaN, in the interface 
region between GaN and sapphire and in the sapphire substrate, respectively, 
then the measured S is:
5  =  f s S s +  fbSb +  f iS i  +  f subS sub (7.1)
where / s, /*,, and f sub are the corresponding fractions of implanted positrons 
annihilated at the different sites at each E , respectively. At the lowest incident 
positron energy, 0.5 keV, it is assumed that essentially all the positrons are an­
nihilated at surface, and we therefore take the measured S at 0.5 keV as Ss in
78
this study. When E  is increased to a value in the range from ~  10 to ~  18 keV, 
almost all the positrons are annihilated in bulk GaN. By implanting positrons 
from the sapphire side Ssub is obtained. Si cannot be obtained directly from the 
measurements. It is found that a good fit to the data cannot be achieved by the 
code VEPFIT[57] without incorporating a very low S  (~  0.330) in the first ~  
300 nm region above the sapphire.
It has been demonstrated that the defects seen by positrons in GaN are VGa[119, 
120, 121]. There are fewer Vaa in Mg-doped GaN than in n-type GaN[120, 1 2 1 ]. 
The existence of Vca can be confirmed if the measured S  values are larger than 
those of Mg-doped GaN, which is the case here (Figure 7.1).
It is interesting to note that S  increases slightly as E  increases from 9 to 
20 keV for the as-grown sample. The increase is believed to be real because 
the error bars are smaller than the size of the data points in Figure 7.1. This 
suggests that the Vca concentration increases with depth. It should be noted that 
there are still some Vca in the lightly Mg-doped sample because the formation 
energy of Vca, which is the function of Fermi level, is not high enough to block 
completely the formation of Vgo[ 121]. Hence, the increase of Vca with depth 
can also be seen in our lightly Mg-doped GaN. In GaN dislocations originate 
from the faulted regions located within the nucleation layer[123]. The dislocation 
density is very high within the first ~  400 nm from the substrate, and with 
the further growth of GaN it decreases towards the surface[124]. Therefore, the 
change of Vca concentration is apparently correlated with that of dislocation 
density. A scanning capacitance microscopy study has indicated that there are 
negative charges near the dislocations[125], and these can result from Voa• In 
summary, Vaa appear to prefer to reside alongside dislocations.
After annealing Sb increases until it becomes nearly constant at temperatures 
higher than 500 °C. The inset in Figure 7.1 shows this change, where Sb is taken 
as the average of the S  values measured in the positron energy range from 9 to 2 0  
keV for the as-grown sample and those annealed below 500 °C, and the values on 
the flat part of the curve for the samples annealed at > 500 °C. It is well known 
that by plotting S  versus W  one can determine whether or not a defect type 
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Figure 7.2: Wb vs. Sb for the as-grown sample and annealed GaN from 150 to 
900 °C. All the data fall on the same line, suggesting that the defects seen by 
positrons are Voa in all the samples
all the data fall on the same line, suggesting that the defects seen by positrons 
are Vca in all the annealed samples.
It is tempting to attribute the increase of Sb with annealing temperature 
to an increase in vacancy concentration. However, because the trapping rate of 
positrons is proportional to vacancy concentration, the effective positron diffusion 
length, L+ef f , will decrease when the vacancy concentration increases[4]. By using
where P (z) is the normalized positron implantation profile along the depth, z, 
at a positron implantation energy E , £+e/ /  can be obtained by measuring f s. 
Although the defect distribution is not uniform in the GaN film, as discussed 
before, the variation with depth of the PAS response is small. This is clear by 
looking, between ~  10 and ~  20 keV, at the small slopes for the as-grown sample 
and those annealed below 500 °C, and the nearly constant S  for those annealed 
above 500 °C (Figure 7.1). Therefore, it is assumed that such a defect distribution 






J -  40
30
20
10000 200 400 600 800
Tem perature (°C)
Figure 7.3: The change of effective positron diffusion length in as-grown and 
annealed GaN. The solid line is a sigmoidal fit. The dashed line is used to guide 
the eye.
the use of equation (7.2) in our analysis. For each E  lower than ~  10 keV f s can 
be calculated using eq. (1 ) with fa = 0 , } sub = 0 , and the Sb values illustrated in 
the inset of Figure 7.1 (the real Sb for the regions probed by positrons of energies 
lower than ~  10 keV may be slightly, but unimportantly, different). Figure 7.3 
shows L+ef f  from the as-grown and annealed data by fitting fs versus E  with 
equation (7.2). It is evident that T+e/ /  increases from ~  30 to ^  60 nm after the 
annealing at and above 700 °C. Hence, the increase of Sb cannot be considered 
to be due to an increase of vacancy concentration.
The present results are therefore interpreted as follows. A fraction of the 
positrons detrapping from shallow traps can travel further, leading to the in­
crease of L+ef f , and others can be trapped by Vqcl> leading to the increase of S. 
Given that shallow positron traps in GaN films have been seen up to 500 K[119], 
it is naturally believed that they play an important role in the present measure­
ments at 300 K. It has been demonstrated that negative ions trap positrons only 
efficiently at temperatures below 200 K[126]. Therefore, although Saarinen et
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al surmised that negative ions acted as shallow traps at temperatures up to 500 
K[119], we consider that dislocations are actually the main shallow traps in the 
present measurements; they have been observed to act as shallow traps in other 
semiconductor materials[71]. There is expected to be a high density of inherent 
dislocations in GaN.
As mentioned above, the total dislocation density decreases from the interface 
to the surface in GaN. In the region near the interface, most of the dislocations 
are not directed towards the surface along (0 0 0 1 ), in contrast to those in the 
shallower region[127]. The higher density and randomness enable easier disloca­
tion interaction in the deeper region, and thus the annealing of dislocations in 
the deeper region is efficient, even at temperatures < 350 °C, which leads to the 
obvious increase in Sb (inset, Figure 7.1). However, the increase in £+e/ / , which 
characterise the shallower region (E  lower than ~  10 keV), is very small (Figure 
7.3), resulting from the insignificant annealing of dislocations in the shallower re­
gion. When the temperature is increased to 500 °C, the annealing of dislocations 
becomes significant even in the shallower region. Therefore, an obvious increase 
in L+ej f  is observed (Figure 7.3). Meanwhile, positron trapping in Voa becomes 
nearly saturated so that the change in Sb is small (inset, Figure 7.1).
It can been that Sb is approximately constant between 500 and 900 °C 
(inset, Figure 7.1). This is contrast to the change of £+e/ /  (Figure 7.3). The 
latter observation indicates that the dislocation density continues decreasing in 
this temperature range, consistent with XTEM measurements of the annealing 
of GaN between 600 and 800 °C[128]. After the samples are annealed above 
500 °C the associated increase in the number of positrons which can be trapped 
by Fgo does not increase Sb. This implies that the trapping at Vca has been 
saturated.
We also notice that when the sample is annealed at > 700 °C, T+e/ /  decreases 
(Figure 7.3). It is supposed that there are many Vn  produced at the surface 
at 800 °C because this temperature is very near the dissociation temperature, 
850 °C, of GaN in the vacuum[129]. These Vn can make the GaN more n type 
owing to their donor nature. This results in a band bending near surface, forming 
a potential that retards positron back-diffusion to the surface and the apparent
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decrease in L+eff .  Above 800 °C changes are attributed to the dissociation of 
GaN.
Comparing the S  curve of 900 °C to those measured for lower temperatures, 
the energy denoting the interface between GaN and sapphire drops from 2 2  to 
18 keV (Figure 7.1). Using the code VEPFIT the depth of the interface between 
GaN and sapphire is found to be at ~  1800 nm after the annealing at 900 °C. 
This corresponds to a dissociation rate of ~  5 nm/s, which is somewhat larger 
than the value of 1.2 nm /s obtained by extrapolating Grandjean et aVs data[130]. 
This difference is probably due to the fact that in our system, which does not 
employ a rapid thermal process, efficient dissociation has happened before 900 
°C.
Finally, we return to the very low S  in the interface region, as derived from 
the fitting program. Such a low S  can be explained by the presence of many 
oxygen clusters in that region. During the growth of GaN at high temperature 
oxygen can diffuse from sapphire to the interface region, as has been indicated by 
SIMS measurements[131]. These oxygen atoms can easily form clusters because 
there are many defects such as voids that can act as the nucleation centers in the 
interface region. Oxygen clusters reduce S  to a value smaller than that for defect- 
free semiconductors[50]. Moreover, the present results suggest that these oxygen 
clusters are stable up to 900 °C because the low S  exists in all the samples. It 
should also be noted that an electrical field probably exists near the interface, 
which can enhance positron diffusion to oxygen clusters or to sapphire and result 
in a smaller S.
7.4 Conclusion
The results presented in this letter suggest that Voa exist alongside dislocations 
in GaN films and are stable up to 900 °C. Dislocations are believed to behave as 
shallow positron traps. The decrease of dislocation density increases the positron 
L+ef f  and S  parameter for annealing at < 500 °C. Above 500 °C, the trapping 
of positrons at Vca is saturated and S  becomes constant, while £+e/ /  continues
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to change. The near-surface formation of Vn at high temperature can introduce 
a potential that retards positron back-diffusion. The dissociation rate of GaN at 
900 °C is estimated to be ~  5 nm/s. In addition, the results are consistent with 
the presence of oxygen clusters in the ~  300 nm region near the interface, which 
are stable up to 900 °C
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Chapter 8
R ealization o f a Compact 
Positron Beam  Spectrom eter
8.1 Introduction
The motivation for this work is to harness the potential of Positron Annihilation 
Spectroscopy (PAS) in a user-friendly instrument for general use in an industrial 
environment. The desirable features of PAS are its non-destructive nature, its 
high sensitivity to vacancy-type defects (e.g., to divacancy concentrations in Si as 
low as ~  1 0 15 cm-3), its depth tuneability - it is especially useful for measurements 
within 101 - 103 nm of the surface - and its potential for large-area mapping. It 
does not require a post-implant annealing step or post-processing preparation 
prior to measurement, and it does not significantly power-load the substrate.
The physics of the formation and evolution of defect structures in epilayer and 
implanted semiconductors has been studied in university-based positron labora­
tory facilities for more than a decade[4]; however, in order to meet the criteria 
for acceptable use as an instrument of practical use in industry a compact, user- 
friendly system is required. The past two years has seen the parallel development 
of such a positron instrument and an extensive program of PAS measurements 
on implanted and as-grown semiconductor samples performed on a traditional
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laboratory-based positron beam system. These measurements were designed both 
to evaluate the prospects for using the instrument as an ion dosimeter with map­
ping capability, and to investigate the broader potential exploitation of PAS in 
near-market research and development laboratories.
The form of beam-based PAS most widely used in the study of the mi­
crostructure of implanted semiconductors and thin films measures the Doppler 
broadening of annihilation radiation, and it is this spectroscopy that we have 
chosen as the basis for the instrument. It is relatively straightforward and has 
the potential to produce measurements in the short times demanded by indus­
trial laboratories. Typical research-laboratory-based positron beams designed for 
Doppler broadening measurements are a few meters in length, allowing effective 
radiation shielding between radioactive source and gamma detector. The foot­
print of any instrument based on such a system has to be ~  1 m2 or less, and 
this presents a significant design challenge.
The focus of our diagnostic research has been the application of beam-based 
PAS to ion-implanted silicon. In the case of as-grown thin films, the effective 
positron diffusion length is considerably smaller than those of defect-free met­
als (~  100 nm) and semiconductors (~  250 nm), so that positrons implanted 
at low enough energies do not appreciably diffuse from films as thin as 1 0  nm, 
and are annihilated within them[132]; the raw PAS data can thus often demon­
strate directly a response characteristic of the film. For very thin films, and for 
those in which there may be significant positron out-diffusion, well-established 
analysis codes can be applied to fit the raw data and extract information on film 
response[57].
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8.2 Design and construction of the instrument
8.2.1 Performance and design requirements
The primary requirements are that a PAS instrument, which incorporates 
features of research apparatus developed in the research laboratory in recent 
years, should be compact, th a t measurements should be rapid and safe, and that 
the operator interface be user-friendly.
The footprint of the prototype is ~  1 m2, made possible by compact, robust 
design and the employment of electrostatic beam transport and focusing including 
a 90° reflector to enable efficient radiation shielding between positron source and 
gamma detector.
Efficient production, delivery and detection of slow positrons leading to high 
data collection rates are coupled with a rapid sample changing capability. Safe 
radioactive source handling is achieved via a rapid positron source installation 
technique, and the safety aspects of high voltage supply and vacuum system 
operation are addressed.
Sample loading is via a small airlock system, and wafer transport and posi­
tioning, as well as data collection and analysis, is performed by the operator via 
a PC interface screen.
8.2.2 Construction of the instrument
A schematic diagram of the vacuum chamber is shown in Figure 8.1, and a pho­
tograph of the entire system (without lead shielding) in Figure 8.2. The system is 
evacuated to ~  10- 5  Pa by an (oil-free) turbomolecular pump with magnetically- 
levitated bearings, backed by a dry mechanical pump. The radioactive primary 
positron source is a ~  1 .2  GBq 22Na sealed capsule, inserted into the system on a 












Figure 8.1: Schematic diagram of the spectrometer vacuum system.
plugged. The moderator comprises seven overlaid annealed tungsten meshes, 
which thermalise the beta positrons and re-emit ~  10- 4  of them with eV ener­
gies. The open area is less than a few percentage so that the penetration of beta 
positrons is minimised and background radiation from their annihilation in sight 
of the detector is minimised. The potentials to the electrostatic lenses, including 
the 90° reflector, are realized by two 30 kV power supplies. While the positron 
implantation energy (and hence probed depth) is defined by the potential applied 
to the entire upper portion of the system, the relative potentials on the lenses 
are always the same, ensuring approximately constant beam characteristics at 
all energies between 0.1 and 30 keV. Initial settings of lens potentials were those 
predicted by ion-transport computer modelling. This method permits the use of 
standard electrical feedthroughs.
The annihilation gamma photons are detected through a thin window by a 
high-resolution Ge detector positioned directly beneath the sample. The detector 
is shielded from the primary source by lead of minimum thickness 0.2 m. Lead 
shielding of ~  0.15 m thickness is mounted around the entire system to ensure safe
shielding. The high-voltage part of the system is insulated by vacuum ceramic 
breaks and by a complete coating of ~15 mm insulating material.
The sample wafer, currently 4-inch-diameter, is loaded via a door-mounted 
plunger into a letterbox-style airlock system, whose volume has been minimised 
to reduce the time required for pumpdown. It is taken automatically (under 
computer control) to any desired position under the positron beam and over the 
Ge detector by a transport system.
Sample manipulation and data collection is computer-controlled by the op­
erator, with simple on-screen guidance. The positron energy is tuneable in the 
range 0.1 - 30 keV (mean depth from the surface to ~  4 /xm in Si) and direct 
reading of relevant parameters (e.g., the lineshape parameter S) is given after 
data collection and analysis. Pulse height analysis is performed by the EG & G 
DSPEC2 digital processor to achieve high throughput with acceptable gamma 
energy resolution.
Figure 8.2: The prototype positron instrument without lead shielding.
8.3 D iagnostic m easurem ents
The first measurements to be taken with the new instrument are shown in 
Figures. 8.3. In Figure 8.3 a Si wafer with a 5-mm-wide strip of silver paint
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has been moved in small steps under a 5 keV positron beam and the lineshape 
parameter S  measured. A fit to the resulting data yield a value for beam diameter 
of 1.8 ±  0.2 mm. The lead has proved to be essentially 100% effective in shielding 
source from detector. The signal count rate was ~  4500 s-1  and the time per 
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Figure 8.3: Positron response as a Si wafer with a 5 mm wide silver strip is 
scanned across the beam.
8.4 F u rther developm ents
Current work on the system is aimed at improving its performance by decreas­
ing deadtime, developing an efficient positron moderator which is completely 
opaque to fast (beta) positrons, and improving system stability. Future develop­
ments will include increasing the speed of the wafer transport system: introducing 
a electrical cooling system for the Ge detector: and further automation including 
interlocks on high voltage and vacuum lines. Scaling of the prototype to handle 
wafers of any size is possible.
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8.5 Applications
8.5.1 M onitoring ion dose and uniformity
The primary motivation for the development of the bench-top tool was the 
requirement for metrology techniques capable of providing information on the 
dose and uniformity of ultra-low energy implants. We have previously described 
the ability of PAS to monitor dose variations as a function of wafer area and depth 
resulting from sub-keV ion implantation[133]. More recently, we have described 
the response of PAS to MeV ion implantation[89]. The study analyzed response 
to ions varying in mass and energy from protons at 450 keV, to Ge+ at 4 MeV. 
The results led to the deduction of a relationship between ion dose (normalized 
using TRIM[22]), ($,4 ), and vacancy-type defect concentration, (C), at 1/2 Rp 
such that
C  =  2.79 x 1 0 1U$1 0 ^ 0 . 6 3 (8.1)
for all ions in the energy and dose range used in the study. In addition to being 
a straightforward and reliable expression for estimating aggregated vacancy-type 
defect concentrations following MeV implantation, (8.1) implies the ability to 
determine implanted dose for a wide range of implantation conditions using only 
the raw PAS data and TRIM output.
In summary, PAS may be used with varying sensitivity to monitor implant 
dose from 1 x 1010 - 1 x 1016 cm - 2  and implant energy from sub-keV to MeV. 
In many cases, the raw PAS data can be used to provide an absolute measure of 
dose within an accuracy of < 1 0 %.
The ability to probe depth-dependent defect distributions with a focused 
positron beam of ~  2  mm diameter also offers the opportunity to measure non­
uniformities in the concentration of open-volume defects across a wafer. Such 
non-uniformities can be caused by many different phenomena, depending on the 
sample and the process undertaken. Figure 8.4 shows an example of a 4-inch float
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zone Si wafer exposed to a nominal dose of 3 x 1015 c m '2 of 120 keV 0 + ions. 
The measurements, which were taken using the new beam at the positron en­
ergy of 3 keV, illustrate the potential of a high-intensity mm-resolution scanning 
instrument.
Figure 8.4: Implantation uniformity of a 4-inch float zone Si wafer nominally 
exposed to a dose of 3 x 1015 cm-2 of 120 keV 0 + ions measured by the compact 
positron beam spectrometer at the positron energy of 3 keV. The mapping posi­
tions are indicated by red dots. Different colours indicate different S parameters 
and thus different implantation parameters.
8.5.2 SIM OX process control
Separation by implantation of oxygen (SIMOX) is a well-established technique 
for producing silicon-on-insulator (SOI) structures. Ion energies of 100 - 200 keV 
at doses approaching 1 x 1018 cm-2 are typical in the fabrication of conventional 
SIMOX, however much of the current research is aimed at developing low-dose 
fabrication processes where the implanted dose is at least one order of magnitude 
lower, with significant reduction in fabrication time and cost. Spectroscopic el- 
lipsometry (SE) has been used successfully to monitor implanted O dose via the 
measurement of the thickness of the Si rich, back interface layer of the buried 
oxide (BOX)[134]. A significant disadvantage to the use of SE is the requirement
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for the measured sample to be a fully formed SIMOX wafer having undergone not 
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Figure 8.5: PAS peak-to-valley parameter vs ion dose for 1 2 0  and 190keV 0 +- 
implanted Si (as-implanted).
PAS is known to be highly sensitive to the structure of silicon following high 
dose oxygen implantation[5]. The S  parameter versus energy curve typically has 
a peak (corresponding to voids generated near the Si surface) followed by a valley 
(resulting from positron interaction with defects complexed with the end of range 
oxygen). For each dose of oxygen at a particular implantation energy, the ratio of 
the peak to valley S parameter value is unique. Figure 8.5 shows values of peak 
to valley ratios versus implanted dose for implant energies of 120 and 190 keV. 
The sensitivity of measurement varies with dose, but significantly, at the lower 
dose values (i.e. those appropriate to low-dose SIMOX formation) the peak to 
valley ratio is sensitive to changes in dose of ~  5%. PAS is therefore an ideal 
technique for process control of low-dose (and standard-dose) SIMOX formation, 
with a sensitivity to changes in dose of a few per cent measured on as-implanted 
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Figure 8 .6 : Raw PAS data for 100 keV He+-implanted Si at 5 x 1016 cm-2. 
The circles represent data for the as-implanted sample. The up-triangles are 
data taken from the same sample following a thermal annealing step. The down 
triangles are data taken from a sample with a small difference in processing 
history.
8.5.3 M onitoring of void formation
It has been known for sometime that nanocavities can be formed by high-fluence 
implantation of H or He[12]. Post-implantation annealing causes the implanted 
species to outgas leaving behind microscopic voids. This process has found use 
as an efficient method for forming gettering centers in Si. The implantation of 
H in particular is also an important step in the UNIBOND process[135]. PAS is 
a particularly appropriate technique for monitoring the formation and evolution 
of vacancy clusters into small nanocavities. Figure 8 .6  shows S  parameter values 
versus mean probed depth for He+-implanted Si (100 keV, 5 x 1016 cm-2), both 
pre- and post-thermal processing. The circles represent data for the as-implanted 
sample. Here the S  parameter value of only 1.03 indicates the presence of small 
vacancy-type defects. The up-triangles are data taken from the same sample 
following a thermal annealing step. The increase of the S  parameter to ~  1.06 
indicates the formation of a layer of small voids at a depth of 500 - 600 nm, 
consistent with the depth of peak disorder. The remaining data (down triangles)
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were taken from a sample with a small difference in processing history. The PAS 
data here indicates the presence of both point defects from the original implant 
and a layer of voids positioned at the end-of -range.
8.5.4 R esponse to  chemical com position of th in  films
As PAS is sensitive to changes in the local electronic environment, there 
exists in principle a unique S parameter value for each element of the periodic 
table. PAS can thus provide non-destructive information on the structure and 
stoichiometry of thin films[136].
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Figure 8.7: S vs incident positron energy for SiN films. Circle: 68% Si, 112nm 
film. Square: 52% Si, 133nm film. Up-triangle: 37% Si, 51nm film.
Figure 8.7 shows S parameter vs incident positron energy for three PECVD- 
deposited SiN films deposited with varying Si composition. The films were char­
acterized using Rutherford backscattering to determine the %Si values. The PAS 
data were taken from 68, 52 and 37 %Si layers. The trend of decreasing S param­
eter with decreasing Si content is clear and can be easily calibrated. Although 
this data demonstrates the capability of PAS to monitor chemical composition,
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in this particular case ellipsometry is more suitable. However, the use of PAS 
can be extended to the composition of any films (of depths of several microns) 
including polymer and metallic layers. Also, when used in conjunction with op­
tical techniques such as ellipsometry, the density of thin films can be determined 
easily, as shown in reference [136].
8.6 Conclusion
A compact, user-friendly positron beam annihilation spectrometer has been de­
signed and constructed in prototype form. It successfully delivers a mm-diameter 
positron beam to any set of chosen points on a sample wafer and reads out the 
results of the measurements. After initial testing the instrument is undergoing 
development work, principally aimed at decreasing run times. Design features, 
performance and first results are presented and discussed. Possible applications 
are described, including ion dosimetry and mapping, SIMOX process control, 
void monitoring and thin film interrogation.
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A ppendix A
Characteristic S  Values for 
Vacancies
Using the same simulation as in Chapter 3 we have obtained characteristic S 
values for V3 (Fig. A-l), V4 (Fig. A-2) and V5 (Fig. A-3) in silicon as a function 
of S  values for Si bulk. Their corresponding values of figure of merit (FM ) are 
also shown. Please note that the energy resolution of gamma photon detector is
1.44 keV.
The simulation programme is in the CD enclosed in this thesis, which is also 
available from Prof. P. G. Coleman, Department of Physics, University of Bath, 
Bath, BA2  7AY. One can easily use the value of the energy resolution of his/her 
gamma photon detector to get the characteristic S  values for vacancies (from V 
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Figure A .l: Characteristic S  values for V3 in Si and their corresponding values 
of FM  as a function of S  values for the Si bulk (Sb). The crystalline orientation 
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Figure A.2: Characteristic S  values for V4 in Si and their corresponding values 
of FM  as a function of S  values for the Si bulk (Sb). The crystalline orientation 
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Figure A.3: Characteristic S  values for V5 in Si and their corresponding values 
of F M  as a function of S  values for the Si bulk (Sb). The crystalline orientation 
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